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Archaean greenstone belts offer the opportunity to study the dynamic early Earth conditions. 
The Singhbhum Craton (SC) of India hosts several volcano-sedimentary greenstone 
sequences that preserve Archaean rocks locally exceeding 3.5 Ga. The Daitari Greenstone 
Belt (DGB) comprises a well-perpetuated submarine volcano-sedimentary succession of 
mafic-ultramafic rocks, felsic volcanics dated at c. 3.51 Ga, and intercalated banded chert, 
shale and iron formation. Common volcanic rocks include komatiite, pillow basalt, and felsic 
volcaniclastic rocks. Felsic volcanic rocks dating back to c. 3.53-3.51 Ga from the Daitari and 
Gorumahisani greenstone belts mark a period of widespread felsic magmatic event in the SC. 
Sedimentary rocks of the DGB are dominated by chemical precipitates of banded black-and 
white-chert, thinly laminated black chert, banded iron formation and minor siliciclastic rock 
such as shale. The DGB hosts altered silicified/carbonated volcanic rocks and cherts, an 
assemblage typical for Palaeoarchaean successions.  
Volcano-sedimentary rocks once present close to the seafloor are intersected by various 
chert-filled hydraulic fractures of varying dimensions. Widespread sea-floor alteration 
processes and metasomatism are evident from field and bulk-rock geochemistry of these 
rocks. Carbonaceous sedimentary rocks are largely documented as shales or cherts that are 
geochemically similar. Importantly, they act as the major repository of carbonaceous material 
during the Archaean. Sedimentary chert horizons overlie sea-floor alteration zones and they 
host potential signatures for the oldest habitat of early life in the form of well-preserved 
carbonaceous matter. Raman and chlorite thermometry together suggest a maximum of 
medium-grade greenschist facies metamorphism of the DGB volcano-sedimentary rocks. 
Therefore, providing a vital window into understanding the geologic evolution of 
Palaeoarchaean greenstone sequences of the Singhbhum Craton that will help in inferring 
early Earth processes from the Archaean record.  
Field, petrographic, and geochemical studies suggest primary biogenic processes responsible 
for the origin of carbonaceous matter preserved within the chert horizons from the DGB. 
Microbial activity may have operated under conditions of low-temperature hydrothermal 
activity on the Palaeoarchaean sea floor. Because of a sparse geological record, well 
preserved meta-sedimentary horizons older than 3.5 Ga are scanty, which hamper our 
understanding of early Earth processes. Such ancient record presented here hold significant 
clues to solving certain key aspects related to the origin and evolution of early life on Earth. 
The rare Palaeoarchaean microfossil assemblages from the DGB and highly depleted δ13C 
values with elevated concentration of total organic content are consistent with their microbial 
origin. Potential metabolic pathways such as Calvin-cycle or Wood-Ljundahl pathway are 
proposed here as the earliest indirect traces of life from the SC. Here, I present some of the 
oldest evidence of early life from the Archaean rock record of SC, where the early Earth 
conditions were hostile with intense UV radiation, bolide impacts, and high heat flux. Yet, 
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New window into the early Earth: Palaeoarchaean greenstone belts of 
the Singhbhum Craton, India 
1.1. Introduction 
Studies of early Earth surface processes have been carried out intensively on the Kaapvaal 
Craton (South Africa) and Pilbara Craton (Western Australia). These two places on Earth host 
ancient sedimentary rocks of low-metamorphic grade and they preserve some of the earliest 
direct as well as indirect traces of life (Figure 1.1). Many promising and profound results come 
out of the Barberton Greenstone Belt (BGB), a well-preserved Archaean volcano-sedimentary 
succession in eastern South Africa. Because of its low-grade greenschist facies 
metamorphism, the BGB preserves some of the oldest evidence of life on Earth, making it a 
major target of research to examine the environments where life might have originated.  
The Singhbhum Craton (SC) of India has an Archaean geological history quite similar to the 
Kaapvaal Craton. The most ancient rocks currently recognized in the SC include 3.5 Ga old 
TTG gneisses and greenstone belts. The latter are well-known as southern and eastern Iron 
Ore Group (IOG). Felsic volcaniclastic rocks dated at 3.51 Ga (Mukhopadhyay et al., 2008; 
this study) allow direct comparisons with the lower portions of the Onverwacht and Nondweni 
groups of the Kaapvaal Craton (Van Kranendonk et al., 2009; Wilson and Versfeld, 1994a; 
Xie et al., 2012). These rocks are probably the best-preserved Palaeoarchaean volcano-
sedimentary rocks currently known from India. Together with rocks of similar age and 
preservation found in the SE part of the Kaapvaal Craton in South Africa and the Pilbara 
Craton of Western Australia, they represent the oldest and well-preserved geological record 
from which inferences on surface processes and the habitat of early life can be obtained. 
Therefore, an overall understanding of the southern and eastern (IOG) becomes essential to 




Figure 1.1. Geological time scale showing scarce fossil record beyond ~3.6 Ga. Age in millions of years 




1.2. Thesis Outline 
The southern IOG or Daitari Greenstone Belt (DGB) and eastern IOG, which is known as the 
Gorumahisani Greenstone Belt (GGB) record the oldest Palaeoarchaean supracrustals of the 
Singhbhum Craton, India. The stratigraphy of the Daitari and Gorumahisani greenstone belts, 
which were previously known as the IOG basins (Acharya, 2002; Mukhopadhyay, 2001; 
Mukhopadhyay et al., 2008) are poorly studied. Previous literature survey and terminologies 
are compiled in Chapter 2 to familiarize with the various stratigraphic jargons used over the 
past few decades to describe the supracrustal rocks of the SC. A detailed discussion of the 
different techniques, methodologies, and other information are mentioned in Chapter 3. 
To address some basic questions regarding the structural and geological history of the Daitari 
belt, extensive field-based mapping was conducted, and elaborated in Chapter 4. This detailed 
study presented encompasses field observations, regional mapping and understanding the 
geologic evolution of the DGB. Likewise, studied portions (i.e., Kundarkocha and Udal) of the 
Gorumahisani Greenstone Belt (GGB) exposed in the north-eastern part of the SC is shown 
in this study to share similar history with the DGB (cf. Acharyya, 1993; Jena and Behera, 2000; 
Mukhopadhyay et al., 2008). This is dealt in Chapter 5. This Chapter is in accepted in 
Precambrian Research, volume/issue no. 357C (2021) 106109. Co-author: Myself and Axel 
Hofmann, conducted fieldwork. Axel Hofmann edited the original manuscript. Co-author: 
Henriette Ueckermann wrote the methodology of U-Pb dating & Hf-Lu isotope LA-ICP-MS 
analysis on magmatic zircon crystals and provided assistance during the analysis.   
Although the spatial distribution of these supracrustal blocks (cf. Saha, 1994) was established 
from mapping conducted by various workers and the Geological Survey of India (GSI), an 
updated stratigraphic understanding was missing. The goal of this study, therefore, was to 
provide a holistic idea of the various Palaeoarchaean IOG’s that include Badampahar Group 
of rocks. I studied the complex stratigraphic correlation between ore-grade BIFs and the 
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associated volcano-sedimentary successions as well as granitoids and gneisses by providing 
new age data and field relationships (Chapters 4 and 5).  
Special emphasis in this study is placed on the Daitari and Gorumahisani greenstone belts as 
they host the Badampahar Group of rocks, which is best-exposed near the north-eastern and 
southern parts of the Singhbhum Craton. Numerous workers have indicated that supracrustal 
rocks of the Badampahar Group predates those of the Jamda-Koira Group, the latter is 
exposed in the western part of the Singhbhum Craton (Iyengar and Alwar, 1965; Jena and 
Behera, 2000; Chakrabarti et al., 2017). Therefore, the Jamda-Koira Group was not studied 
for this project. Instead, I established coherent stratigraphic links from Daitari and 
Gorumahisani belts, by compiling previous literature proposed by the Geological Survey of 
India (GSI) and the current work through field and radiometric dating (Chapters 4, 5 and 7). 
Finally, to broaden the current state of understanding of these geographically separated IOG’s, 
I provide a new stratigraphic outlook of the DGB, LA-ICP-MS U-Pb ages from magmatic and 
detrital zircons, SHRIMP data on magmatic zircon and Lu-Hf isotope results. This is intended 
to study the tectonic evolution of these Palaeoarchaean greenstone belts by presenting field, 
geochronological, and geochemical database (Chapters 4, 5, 6 and 7). Important links related 
to crust formation processes at ~3.5 Ga (cf. Buick, 1995; Greber et al., 2017) was determined 
using Lu-Hf isotopic systematics on magmatic and sedimentary zircons of the Daitari and 
Gorumahisani belts (Chapters 4, 5 and 7).  
1.3. Are all the Iron Ore Group (IOG) of the SC Palaeoarchaean in age?  
IOG’s of the SC hosts important iron ore deposit associated with banded iron formation (BIF; 
Dunn, 1940; Chakraborty et al., 1980; Ghosh et al., 2017b) and other well-preserved Archaean 
rock units that have the potential to provide important new information on geological processes 
operating in the Archaean.  However, the IOG stratigraphic term lumps together a number of 
different volcano-sedimentary units, such as (1) typical greenstone belt assemblages of the 
Gourmahisani (Eastern-IOG), Daitari (Southern-IOG). But the Western IOG is more akin to 
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intracontinental succession that includes metabasalt, quartzite, shale, BIF, manganese 
bearing shale and, locally, dolomite (Hofmann et al., 2016). Moreover, the Western IOG, lacks 
geochronological data and proper stratigraphic relationship. Therefore, in this study, Western 
IOG is considered to be younger in age, and will not form a part of this thesis.  
1.4. Why should we target low-grade Palaeoarchaean sedimentary 
sequences? 
Older but higher-grade metasedimentary successions are reported from the >3.7 Ga Isua 
supracrustal belt of Greenland (Nutman et al., 2016), and the Nuvvuagittuq Belt in Quebec 
(Dodd et al., 2017). However, these rocks have undergone at least amphibolite facies 
metamorphism, obscuring geologic constraints on early Earth surface environment. Studies 
of early Earth surface processes have been carried out intensively on the Kaapvaal Craton 
and Pilbara Craton. Some of the most promising and profound results have come out of the 
Barberton Greenstone Belt (BGB), a well-preserved Archaean volcano-sedimentary 
succession in eastern South Africa (Lowe and Byerly, 2007; Byerly et al., 2019). Because of 
low-grade metamorphism, the BGB preserves some of the oldest evidence of life on Earth, 
making it a major target of research to examine the environments where life might have 
originated. Sedimentary units of the Daitari belt here will provide information about 
sedimentation processes on the early Earth and constraints on the composition of the 
Archaean seawater (Chapters 6 and 8).  
Major and trace element study was considered to determine the bulk rock geochemistry and 
will provide coherent guidance on the evolution and petrogenesis of the volcano-sedimentary 
succession of the DGB (Chapter 6). A comparative study on komatiites of the Barberton 






1.5. Why is the Archaean palaeoenvironment ~3.5 Ga ago important?  
Archaean habitats harboured life at a time when our young Earth experienced hostile 
conditions (e.g. sterilizing impacts, intense ultra-violet radiation and widespread volcanically 
released greenhouse gases resulting in extreme conditions; Bada, 2004; Golding et al., 2011). 
Therefore, addressing questions on depositional environments of the metasedimentary units 
of the DGB will allow us to consolidate our database about sedimentary processes and 
Archaean ecosystems 3.5 Ga ago.  
In this study, I emphasize on the integration of datasets on Archaean ocean water chemistry 
(e.g., major element and trace element analyses) along-with combined isotopic systematics 
(e.g. C, & O) from Barberton, and Daitari greenstone belts respectively (Chapters 6 and 8). 
The latter preserve sedimentary rocks several tens of millions of years older than those 
reported from South Africa (Chapters 6 and 8). Chemical metasedimentary rocks were 
investigated to study seawater composition, which is attempted in Chapter 6 and 8. 
On the other hand, carbonaceous cherts from Daitari is investigated in detail to shed light on 
early Earth environments by examining its stable isotopic compositions (e.g., C, & O) from the 
various stratigraphic units (Chapter 8). A comprehension of the combined isotopic and 
geochemical signatures will extend our frontiers beyond the realm of 3.4 Ga and discussed in 
Chapters 6 and 8. Through this thesis I have addressed potential habitats of early life from the 
DGB (Chapter 8). 
This study is important to consider paleoenvironmental set-up suitable for early life around 3.5 
Ga (Chapter 8). Combined isotope, geochemical and geochronological data is provided to 
understand and compare similar successions in South Africa and Western Australia.  
1.6. Was hydrothermal activity recorded from the Palaeoarchaean 
record of the Singhbhum Craton? 
Detailed research of Archaean cherts have provided insights into the early ocean chemistry 
and improved our understanding of the early Earth environments (Knauth, 2005; Hofmann and 
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Harris, 2008). Studies related to silicification processes at the sediment-water interface and 
their link to marine, diagenetic or hydrothermal processes have been argued by researchers 
(Duchac and Hanor, 1987; Hofmann and Harris, 2008; Ledevin et al., 2015). Through this 
thesis, I have presented field and geochemical constraints that provide evidence for active 
hydrothermal processes affecting these Palaeoarchaean greenstone belts of the SC 
(Chapters 4, 5, and 6).  
1.7. Evaluation of a well-preserved sedimentary rock record > 3.51 Ga 
conducive for the habitat of early life  
To evaluate the physico-chemical conditions of the early Earth, geologists face the daunting 
task of establishing how habitats favoured ancient life at a time when our young Earth 
experienced hostile conditions such as sterilizing impacts, intense UV, and widespread 
volcanically-released greenhouse gases generating a hot climate with ocean water as warm 
as 50-70°C (Knauth and Lowe 2003; Knauth 2005). This challenging research is perhaps best 
left to biochemists working on prebiotic chemistry and investigating precursors to modern 
DNA-based life, which is believed to have evolved from RNA (Arndt and Nisbet 2009). Any 
chemical solution which led to the building of a self-replicating process must have been 
controlled by fundamental bioenergetics (Lane 2010; Sousa and Martin 2016). Ideas like 
Darwin’s famous “warm little pond” have inspired interest in modern-day alkaline hydrothermal 
systems as a viable analogue for life-friendly niches that existed on the early Earth. 
Fieldwork on Palaeoarchaean supracrustal rocks of the Daitari greenstone belt (DGB) has 
indicated the preservation of lithologies (e.g. cherts, shales) suitable to host traces of biological 
activity. I addressed questions related to the habitat of early life that typically focuses on finding 
active biological signatures preserved in the rock record of DGB (Chapter 8), which have 
escaped high-grade metamorphism in contrast to intensely metamorphosed rocks (i.e., 
amphibolite facies and above) investigated from the Isua belt in Greenland and Nuvvuagittug 
belt in Canada (Nutman et al., 1997). 
8 
Information related to the possible metabolic pathways and habitat of early life are sporadic 
and largely based on traces of fossilized morphological as well as isotopically derived 
signatures preserved in the rocks. Through this study, I present ripped-up microbial-mats, 
‘lens-shaped’ to ‘spindle-like’ microfossils along-with evidence of shallow photosynthetic 
microbial activity and highly depleted 13C values of the carbonaceous cherts and shales of the 
DGB (Chapter 8).  
1.8. Detection of early life and possible links to metabolic pathways 
recorded during the Palaeoarchaean 
When did life begin on Earth? For decades, origin of life research has captivated not only 
geoscientists but also geochemists and biologists who seek to understand the various 
geological processes associated with the prebiotic production of biomolecules such as amino 
acids and nucleotides. Well-preserved carbonaceous cherts from the Barberton Greenstone 
Belt, South Africa (Walsh, 1992) and Panorama Greenstone Belt, Western Australia (Sugitani 
et al., 2010, 2015a) yielded microbial biosignatures.  
One of the first major geoscientific contributions came from authentic proof of plausible 
microfossils in the 3.4 Ga Apex chert of Western Australia reported by William J. Schopf in 
1993. In 2002, however, M. D. Braiser presented a more convincing argument regarding the 
origin of Schopf’s microfossils. He rejected the microfossils by concluding that Schopf could 
not demonstrate that a null-hypothesis of inorganic origin was incorrect (Braiser et al. 2005). 
Later, Pinti et al. (2009) used advanced scanning electron microscopy (SEM) to study the 
hydrothermal alteration and genetic setting of the “microfossil” bearing chert units and 
concluded the Apex chert would have been unlikely to preserve any microfossils. García-Ruiz 
et al. (2003) used field-emission scanning electron micrographs (FESEMs) and transmission 
electron microscopy (TEM) to show that inorganically synthesized microstructures are capable 
of self-organizing and can resemble the morphological patterns of the putative microfossils in 
the Apex chert. Because of these disputes, a set of criteria were used in this study to establish 
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whether a microstructure in an ancient rock is inorganic or of biogenic origin. These include: 
a) geological mapping, b) radiometric dating, c) petrographic studies, and d) Laser-Raman 
spectroscopy. 
Most of the potential biosignatures from the Kaapvaal craton, however, have been recorded 
in different stratigraphic units not older than 3.4 Ga. Microbial mats preserved in the shallow 
water facies of the Buck Reef Chert (3.42 Ga) of the BGB have been elucidated as cohesive 
surface-attached communities of microorganisms (Tice and Lowe 2006; Greco et al., 2018). 
Tice and Lowe (2006) have interpreted the Buck Reef Chert (BRC) mats as the earliest 
photosynthetic microorganisms. My observations from the DGB are in agreement for shallow 
photosynthetic activity with ripped-up ‘microbial mat like laminations’ within the carbonaceous 
cherts. Therefore, cherts from the 3.51 Ga old Daitari belt will provide additional insights into 
the Archaean ocean geochemistry and traces of early life (e.g. microbial mats and lens-shaped 
microfossils) preserved in these cherts.  
This is the first attempt to understand the mode and occurrence of the potential biosignatures 
preserved within the carbonaceous cherts of the DGB, India. Detailed field, petrographic and 
geochemical studies of a thick and laterally extensive unit of carbonaceous chert and BIF in 
the DGB reveal its strong similarity with the Buck Reef Chert of the Barberton belt and suggest 
primary biogenic processes for the origin of carbonaceous matter present within the chert 
horizons from Daitari.  
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A short review on the Palaeo-Mesoarchaean geology of the Singhbhum 
Craton 
2.1. Introduction and historical background 
The Singhbhum Craton (SC) is an oval-shaped granitoid-greenstone terrain of 50,000 km2 in 
area and encompasses supracrustal rocks ranging from the Palaeoarchaean to Proterozoic 
(Figure 2.1, Saha, 1994; Mukhopadhyay, 2001; Mahadaven, 2002; Ramakrishnan and 
Vaidhyandhan, 2008; Hofmann and Mazumder, 2015; Dey et al., 2019 and references 
therein). The northern part of the SC is marked by the Northern shear zone that separates the 
Chotanagpur Gneisses of the Central Indian Tectonic Zone (CITZ) from the SC (Figure 2.1). 
In the south, the Sukinda thrust zone separates the SC from the Eastern Ghats orogenic belt 
(Figure 2.1). The main aim of this Chapter is to provide a summary of the composition and 
distribution of the Palaeo-Mesoarchaean supracrustal rocks, granitoid gneisses, and granites. 
Discussion on the Neoarchaean-Proterozoic record of the SC is beyond the realm of this work. 
Refer to Mahadaven (2002) and Ramakrishnan and Vaidhyanadhan (2008) for further 
information. 
A rich economic endowment of the granite-greenstone terrain of the SC led the Geological 
Survey of India (GSI) to conduct mapping projects from the 1930s until late 1970s; although 
mapping was largely focused on mineralized areas. Inconsistent terminologies were coined, 
such as Iron-Ore Stage/ Iron-Ore Series by various authors for the different iron formations 
(Jones, 1934; Acharyya, 1993; Prasad Rao et al., 1964; Chakraborty et al., 1980; Acharya, 
2002). The objective was to characterize the different volcano-sedimentary sequences in 
these geographically separated granite-greenstone terrains that hosted vast reserves of iron 
and manganese ore. A brief summary of the various attempts to establish a lithostratigraphic 
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classification of the older supracrustal rocks, granitoids and granites of the SC is provided 
below.  
 





Numerous authors attempted to illustrate the stratigraphy of SC, which initially focused on the 
South Singhbhum, Bonai and Keonjhar areas (Jones, 1934; Spencer and Percival, 1952; and 
Dunn, 1940. To begin with, Jones (1934) established the concept of Older Metamorphics (later 
known as Older Metamorphic Group or OMG suite) and Older Dharwars that included high-
grade meta-volcano-sedimentary rocks. Later, Dunn (1940), used the term Series for 
sedimentary rocks that unconformably overlie Singhbhum granite, known as ‘Kolhan Series’ 
and ‘Iron Ore Series’ for volcano-sedimentary rocks, which include metabasalt, shale, and iron 
formation. Dunn (1940) also included the high-grade metamorphic rocks of Jones (1934) into 
the Iron Ore Series.  
A stratigraphic division was proposed based on the distribution of the volcano-sedimentary 
rocks either north or south of the Copper Belt Thrust Zone (CBTZ) by Dunn and Dey (1942; 
Table 2.1).  
 
 
Whereby the stratigraphic suite exposed north of the CBTZ is represented by the Dalma lavas, 
Iron Ore Stage and Chaibasa Stage. On the contrary, rocks exposed south of the CBTZ 
comprises Kolhan Series, Dhanjori Series, and Iron Ore Stage. Dunn and Dey (1942) sub-
divided the ‘Iron Ore Series’ into ‘Iron Ore Stage’ (mainly made up of metabasalt, 
conglomerate, shale and iron formation) and ‘Chaibasa Stage’. The latter is represented by 
Table 2.1. Stratigraphic classification of Singhbhum Craton, Dunn and Dey (1942). 
Stratigraphy Series/Stage Lithology 
North and East Singhbhum/South Singhbhum and South Dhalbhum 
granophyre 
Kolhan Series (unconformity) 






Basic lavas, Quartzite-conglomerate 
Unconformity 
 Iron Ore Stage 
 
Phyllite, quartzite, conglomerate, iron formation, tuff, and basic igneous 
rock 




amphibolites or Older Metamorphics of Jones (1934). Sarkar and Saha (1962) followed the 
stratigraphic model of Dunn and Dey (1942), although they differentiated the various 
lithological units based on major orogenies and unconformities (Table 2.2).  
 
A major revision in the stratigraphy was proposed by Iyengar and Murthy (1982; Table 2.3), 
as they incorporated previous field-based studies of Prasad Rao et al. (1964); Iyengar and 
Alwar (1965), Kanungo and Mahalik (1972), Subramanyam and Murthy (1975); and 
references therein, which was proposed with limited available geochronological dataset. 
  
Table 2.2. Stratigraphic classification of Singhbhum Craton, Sarkar and Saha (1962). 
Stratigraphy Group Series/Stage Lithology 
N-S copper thrust Zone 
Newer dolerite 
Granophyre, biotite granite 
Ultrabasic dykes and sills,ultrabasic bodies, soda granite, granophyre, Kuilapal granite 
Chakradharpur granite gneiss 
Singhbhum Orogeny Dhanjori Group Dhanjori lava, quartzite-
conglomerate 
Singhbhum Series/Dhalbhum Stage/Iron Ore Stage of Dunn. 
Chaibasa Stage 
Kolhan Series 
Iron Ore Orogeny Singhbhum granite 
Gabbro, anorthosite, epidiorite 
Iron Ore Series 
 
Upper shale, sandstone, 
volcanic 












Table 2.3. Stratigraphic classification of Singhbhum Craton, Iyengar and Murthy (1982). 
Group Series/Stage Lithology 
 Dolerite dykes 
Tamperkola granite and equivalent granites 
Kumarmundo and Ghoriajor Stage/ (Gangpur, 
Kunjar) 
Volcano-sedimentary rocks, chlorite schist, staurolite-




Upper carbonaceous shales, phyllites and schists 
Lower banded carbonaceous quartzite, upper dolomitic 
marble, sandstone, argillite 
Slate and phyllite, Lower limestone and dolomite, phyllite 
Schist, thin bedded sandstone-quartzite 
Conglomerate, quartzite and slate 
---Kolhan unconformity--- 




Shale, mudstone, sandy-claystone 




Chert and shale 
Finely banded jasper 




 Dolerite dykes, ultrabasic dykes 
Ramapahari granite, Chakradharpur granite, Soda 
granite 
Hedenbergite granite, Riebeckite granite 
Stiplomelane granite and granophyre 
Gabbro, gabbro-anorthosite suite 
Chromite bearing ultrabasics 
Simlipal Group 
 
Spillitic lavas (Dalma range) 
Burhabalang quartzites and phyllites (Goilkera) 
Spillitic lavas (Dhanjori) 
Kabatghai quartzites and phyllites (Simlipal) 
Spillitic lavas (Nuakot-Nayagarh) 




Black carbon phyllite, chlorite phyllite with quartzite 
(Ghatshila anticline) 
Alternating sequence of arenaceous and pelitic sediment 
(quartzites, quartz-mica schist having convolute 
lamination) (Goilkera dome, Bangriposi, Panijia) 
Garnetiferous mica schists, Rakha quartzites (Lulung) 
Base not observed 
Badampahar Group/Older Dharwars of Jones and 
Older Metamorphics of Dunn 
 
Black carbonaceous phyllite (Gorumahisani) 
Banded magnetite quartzite, banded hematite quartzite, 
banded hematite jasper, banded limonite quartzite 




Group Series/Stage Lithology 
Ferruginous shale and carbonaceous phyllite (Daitari-
Tomka) 
Serpentinite, steatite schist, talc schist, peridotite and 
pyroxenite (Bariphuljar-Malaygiri) 
Grunerite schist, micaceous quartzite, kyanite quartzite 
schist, fuchsite quartzite, actinolite quartzite, diopsidic 
quartzite (Deogarh) 
Chlorite schist, actinolite schist (Haludpukur) 
Hornblende schist and epidiorite (Bahalda) 
Mica schist and quartzite (Manda-Karanjia) 
Nuclei Granite (Basement) Granite and granodiorite (Pallahara-Kaptipada) 
 
These authors replaced the ‘Iron Ore Series’ by ‘Iron Ore Super Group’, the ‘Older 
Metamorphics’ and ‘Older Dharwars’ of Jones (1934) by ‘Badampahar Group’ and ‘Chaibasa 
Stage’ of Dunn and Dey (1942) by ‘Ghatshila Group’. Followed by which a major change in 
the stratigraphic make-up of the SC was opined by Saha (1988). Whereby terminologies such 
as Older Metamorphic Group (also widely known as OMG, largely comprising of schists, ortho-
para amphibolites), and Older Metamorphic Tonalite-Gneiss (OMTG, consisting largely 
Trondhjemitic-tonalitic-granodioritic gneisses), different granitoids ranging between c. 3.3 to 
3.1 Ga were lumped together into Singhbhum Granite phase-I, II and III, together with Iron 




A detailed refinement in the stratigraphic framework of the supracrustal sequences of the SC 
was proposed by Jena and Behera (2000). These authors classified the Palaeo-
Mesoarchaean supracrustal rocks as Badampahar Group, Late Archaean to early Proterozoic 
volcano-sedimentary rocks into Dhanjori-Simlipal Group, which was followed by much 
younger Proterozoic intrusive rocks (Table 2.5). 
Finally, Acharya (2002) presented a classification scheme for Daitari-Tomka basin and 
equivalent Iron Ore Group of rocks in the SC, whereby he retained the Iron Ore Supergroup 
notation of Iyengar and Murty (1982) and sub-divided ‘Iron Ore Supergroup’ iron formations 
into BIF-I and II stage, with a non-conformable contact underlain by Singhbhum granitoids 
(Table 2.6). 
 
Table 2.4. Stratigraphic classification of Singhbhum Craton, Saha et al. (1988). 
Stratigraphy Supergroup Group Series/Stage Lithology 
 











Pelitic and arenaceous meta-
sediments with mafic sills 
Unconformity 
Singhbhum granite (SBG-B) (Phase-III) 
Iron Ore Group 
Mafic lava, tuff, acid volcanic, 
tuffaceous shale, banded hematite 
jasper and banded hematite quartzite 
with iron ores, ferruginous chert, local 
dolomite and quartzites sandstone 
Singhbhum Granite (SBG-A) (Phase-I-II) 
Folding and metamorphism of OMG and OMTG 
Older Metamorphic Tonalite-gneiss (OMTG) 
Older Metamorphic Group (OMG) 







Table 2.5. Stratigraphic classification scheme of the Gorumahisani Greenstone Belt (Jena and Behera, 
2000). 
Supergroup Group Series/Stage Lithology Age 
Intrusive Granophyre dykes, dolerite, pyroxenite, 
Mayurbhanj granite-granophyre, gabbros 
Mid to late 
Proterozoic 
Dhanjori-Simlipal Group Banded quartzite, orthoquartzite, mica-
schist, phyllite, gritty quartzite, 
conglomerate 
Late Archaean to 
early Proterozoic 
Intrusive Singhbhum granite, tonalite gneiss 3.0-3.4 Ga 
Badampahar Group BIF, banded chert, green-chert, quartzite, 
pillowed basalt, amphibolite, hornblende 
schist, metarhyollite/rhyodacite ultramafic 
schists 
>3.4 Ga 
Table 2.6. Stratigraphic classification of Daitari-Tomka basin (Acharya, 2002). 



























Malaygiri quartzite, phyllite 
Basal conglomerate 
Angular unconformity with BIF-1, 
non-conformity with granite 
Daitari-Tomka 
BIF-II 






Banded phyllite, tuff and ignimbrite 
Pillow lava 
Quartzite, quartz-schist and fuschitic quartzite, chlorite, 




Banded hematite and quartzite, iron-ores, 
Cherts, Chlorite-sillimanite schists 
Non-Conformity 
23 
2.2. An overview on the Archaean record of the Singhbhum Craton  
In this study, I focus primarily on the Palaeoarchaean supracrustal record of the SC and 
compare its geologic evolution with similar volcano-sedimentary rocks mostly from the 
Kaapvaal Craton (see Chapters 4, 5, 6, 7 and 8). Previous work mostly focused on the 
Archaean crustal evolution of the SC with emphasis on the Older Metamorphic Group (OMG), 
Older Metamorphic Tonalite Gneiss (OMTG), Singhbhum Granite Batholitic Complex (SGBC), 
and Iron Ore Group (IOG) (Sarkar and Saha, 1962; Sarkar et al., 1969; Iyengar and Murty, 
1982; Jena and Behera, 2000; Saha, 1994; Misra et al., 1999; Mukhopadyay, 2001; Hofmann 
and Mazumder, 2015 and references therein).  
The OMG suite consists of supracrustal rocks, which underwent amphibolite facies 
metamorphism, while the IOG sequence is largely made up of volcano-sedimentary rocks that 
experienced mid-greenschist facies metamorphism. On the other hand, OMTG and SGBC 
constitute the intrusive magmatic suite of rocks responsible for crustal growth from ~3.48 to 
3.1 Ga and eventual craton stabilization. The Palaeo-Mesoarchaean record of the SC lacks 
precise geochronological information. Although the spatial distribution of supracrustal rocks in 
the SC has been locally established from mapping conducted by various workers and the 
Geological Survey of India (GSI), there is no ubiquitous view on the stratigraphy and age 
(Jones, 1934; Dunn, 1937; Dunn, 1941; Dunn and Dey, 1942; Prasad Rao et al., 1964; Iyengar 
and Alwar, 1965; Iyengar and Murthy, 1982; Jena and Behera, 2000 and references therein). 
Therefore, a proper consensus on the Archaean geology of the SC is required. 
2.3. Older Metamorphic Group (OMG) 
2.3.1. Composition 
The OMG suite of rocks is represented by a deformed meta-volcano-sedimentary sequence 
that largely is made of amphibolite, calc-silicate, quartz-sillimanite-muscovite schists together 
with biotite-muscovite schists and quartz-magnetite cummingtonite schists that were 
metamorphosed at amphibolite-facies. The type locality of the OMG suite of rocks is nearby 
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the town of Champua. Otherwise, correlation of OMG suite with geographically separated 
terrains (i.e., Daitari, Deogarh and Malangtoli) was merely proposed on dominant lithological 
make-up (Sarkar and Saha,1983; Ramakrishnan and Vaidhyanadhan, 2008). Saha and Ray 
(1984) suggested an igneous extrusive or intrusive origin for the amphibolite rocks (Saha and 
Ray, 1984). Whereas quartz-garnet bearing amphibolite was argued to represent sedimentary 
material derived from mafic sources. Hofmann and Mazumder (2015) argued for early sea-
floor alteration processes responsible for the formation of calc-silicates. 
2.3.1.1. Age data 
Geochronological studies carried out by various authors in the past three decades to 
understand the OMG have largely prioritized on provenance and metamorphic history of these 
rocks. Baksi et al. (1987) conducted Ar/Ar dating of hornblende separates from hornblende–
plagioclase–quartz schists, which provided plateau ages of 3300 ± 15 Ma. Sharma et al. 
(1994) proposed a juvenile mantle source for the OMG ortho-amphibolites based on whole 
rock Sm-Nd isochron age of 3305 ± 60 Ma for these amphibolites with an εNd (t) value of 0.9 
± 0.7 and a depleted mantle model age (tDM) of 3.3 Ga. 
Goswami et al. (1995) provided ion probe 207Pb/206Pb ages of detrital zircons from two 
micaceous quartzites of the OMG and argued for an earlier granitoid crust that acted as the 
source rock for these old zircons. Mishra et al. (1999) investigated zircons, which yielded 
cluster ages around 3.5, 3.4 and 3.2 Ga. Following which, Mishra et al. (1999) interpreted that 
the younger ages represent post-depositional zircon growth during metamorphism and not the 
provenance for the OMG. Recently, Saha et al. (2012) obtained an age for the OMG quartz-
muscovite schist around c. 3.35 Ga from the Champua area using 207Pb/206Pb (SHRIMP) on 
detrital zircons. Additionally, Nelson et al. (2014) dated OMG rocks at c. 3375 ± 3 Ma, which 




Prabhakar and Bhattacharya (2013) reported greenschist to mid-amphibolite facies 
metamorphism based on mineralogical assemblages preserved in the OMG suite. These 
authors dated monazite grains that were seen to have overgrown the tectonic fabric from the 
OMG meta-sedimentary rocks that provided metamorphic ages ranging from 3.37 ± 0.05 and 
3.26 ± 0.05 Ga respectively. Recently, Upadhyay et al. (2014) provided a precise concordant 
U–Pb age of 3317 ± 8 Ma from metamorphic rutile of the OMG, and argued the rutile U–Pb 
age to reflect amphibolite-facies metamorphism in the area. 
2.4. Older Metamorphic Tonalite Gneiss (OMTG) 
2.4.1. Composition 
Tonalitic gneisses represented by compositional layering, and largely distributed within the 
central and northern parts of the SC are collectively termed as OMTG (Older Metamorphic 
Tonalitic Gneiss; Sharma et al., 1994; Prabhakar & Bhattacharya, 2013; Dey, 1991; Acharyya 
et al., 2010). Tonalitic gneisses of the OMTG suite are widely investigated from Champua area 
of the SC. The OMTG are found to be interleaved with the OMG/Palaeoarchaean 
supracrustals (Figure 2.1). Detailed investigation of these OMTG’s nearby Champua, 
Saraikala, Onlajori and Rairangpur have revealed an intrusive contact relationship with the 
OMG/Palaeoarchaean supracrustals (Ray 1982; Sharma et al., 1994; Dey, 1991; Prabhakar 
& Bhattacharya, 2013; Acharyya et al., 2010). Amphibolite locally forms elongate occurrences 
that range nearly tens of metres wide tectonically intertwined with the OMTG suite. The strong, 
penetrative planar fabric and associated mineral lineations in the OMTG gneisses are 
generally parallel to those seen in OMG rocks, typically dipping/plunging steeply to the NE 
(Saha, 1994). Saha (1994) noted small enclaves of locally migmatitic amphibolite and rare 
biotite-muscovite schist within OMTG in the Champua area, and regarded this as evidence for 
the intrusive relationship of the tonalites into the meta-sediments. The tonalities share 
diagnostic characteristics such as well-developed gneissic banding, coarse to medium grain 
size with saussuritised and sericitised plagioclase, K-feldspar and accessories such as blue 
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green hornblende, epidote, chlorite, sphene, zircon and apatite (Saha and Ray, 1984; Saha, 
1994; Dey et al., 2019). Conformity of foliation and mineral lineation of these two units were 
regarded as evidence for tonalite intrusion prior to regional deformation. There has been a 
longstanding debate on the age and possible links with the various OMTG rocks exposed in 
the SC. Recent study by Topno et al (2018) deduced a multi-phase emplacement for the 
OMTG, which is correlative with the earlier phases of the SGBC, while OMG deposited over 
a wide geological time span. Interestingly the OMTG suite preserve older relics of xenocrystic 
zircons dated at c. 4.24-4.03 Ga, which indicates the presence of a felsic crust of Hadean age 
in the SC (Chaudhuri et al., 2018; Miller et al., 2018). 
2.4.1.1. Age data 
Sm-Nd isochron age of 3305 ± 60 Ma for OMG amphibolites led Sharma et al. (1994) to 
interpret the amphibolite precursor from juvenile mantle source with εNd (t)=0.9±0.7 and an 
average TDM of 3.3 Ga. Saha et al., (2012) reported a 207Pb/206Pb (SHRIMP) age of 3.45 Ga 
from zircons in a tonalite gneiss of the OMTG near Mundui, which they interpreted to reflect 
the age of crystallization of the gneiss precursor. In agreement with this study, Acharya et al. 
(2010) reported a discordia upper intercept U-Pb age of 3448 ±19 Ma from a TTG-type OMTG 
gneiss from the northern area of the SC and another sample near the GGB, which yielded a 
U-Pb zircon age at c. 3527 ±17 Ma. Upadhyay et al. (2014) studied older zircon xenocrysts 
clusters of 3.61, 3.45 and 3.42 Ga, suggesting presence of an older crust. 
207Pb/ 206Pb SHRIMP dating of zircons from the OMTG tonalities gneisses have provided an 
age of 3.45 to 3.44 Ga that reflects the age of the emplacement of the gneiss precursor, while 
the youngest age clusters around 3.2 Ga mostly represent younger granitoid/granodiorite 
intrusion (Mishra et al., 1999; Saha et al., 2012; Upadhyay et al., 2014). OMTG dated at c. 
3471 ± 24 Ma and 3459 ± 35 Ma (Dey et al., 2017; 2018), with younger ages at c. 3380 ± 11 
Ma and 3363 ± 12 Ma respectively represent two different cluster ages of OMTG rocks in the 
SC (Nelson et al., 2014; Pandey et al. 2019). 
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Several authors have proposed a dual emplacement age for the OMTG suite that ranges from 
3.45-3.44 Ga and 3.35-3.32 Ga (Upadhyay et al., 2019; Dey et al. 2019). Pandey et al. (2019) 
provided a U-Pb zircon age of 3363 ± 12 Ma from the OMTG suite of rocks near Mundui area. 
Most recent study by Olierook et al. (2019) advocated for the termination of OMTG magmatism 
at ~3.37 Ga. In this study, I have compiled previous published U-Pb zircon ages in Table 2.7. 
In a recent study, Chaudhari et al. (2018) reported 4.24-4.03 Ga xenocrystic zircons from 3.4 
Ga tonalite gneisses of the OMTG suite nearby Champua that yielded Lu176/177Hf (0.019). 
Chaudhari et al. (2018) inferred a differentiated mafic juvenile melt that acted as a source for 
the silicic melts of the OMTG and argued for a dominant mafic-crust during the Hadean.  
2.4.1.2. Metamorphism 
The OMTG largely lacks metamorphic study except for few authors who presented 
metamorphic mineral assemblages to represent metamorphic conditions of these rocks 
(Prasad Rao et al., 1964; Basu et al., 1981; Sharma et al., 1994). Prabhakar and Bhattacharya 
(2013) dated metamorphic monazite from OMTG that yielded an age of 3306 ± 22 Ma. This 
study for the first time provided an age of metamorphism for the supracrustal rocks exposed 














Table 2.7. Published ages from the Older Metamorphic Tonalite Gneiss (OMTG) suite of the 
Singhbhum Craton. 
Locality OMTG Age (Ma) Age-Method Reference 
Champua Tonalite gneiss 3288 + 35 WR Pb-Pb isochron, 
TIMS 
Moorbath et al., 
1986 
3280 ± 130 WR Rb-Sr isochron 
Champu
a 
Tonalite gneiss 3664 + 79 WR Pb-Pb isochron Ghosh et al., 1996 
Onlajori Tonalite gneiss 3405 + 53 
Champua Tonalite gneiss 3135 + 85 WR Rb-Sr isochron Sarkar et al., 1979 
Onlajori Tonalite gneiss 3113 + 85 







~3.2 Ga (metamorphic 
age) 
Haludpukur  Tonalite gneiss 3448+19 (upper 
intercept age) 
U-Pb LA-ICP-MS on 
zircon 
Acharyya et al., 
2010a 
 3527+17 
Champua  Tonalite gneiss 3306+22 
(metamorphic age) 






Jagannathpur Tonalite gneiss 3380+11 
(crystallization age) 
U-Pb SHRIMP in 
zircon 
Nelson et al., 2014 
Champua  Tonalite gneiss 3331+9 
(crystallization age) 





U-Pb LA-ICP-MS on 
zircon 
Upadhyay et al., 
2014 
Champua Granite 3611+11 (Xenocrysts) U-Pb LA-ICP-MS on 
zircon 
Upadhyay et al., 
2014  3415 +9 









Dey et al., 2017 
Champua, Rimuli Granodiorite 4.24 - 4.03 Ga 
(xenocryst, concordant 
age) 
U-Pb SHRIMP zircon Chaudhuri et al. 
2018 
Granodiorite 3.9 - 3.8 Ga 
(discordant age) 
Granodiorite 3.67 - 3.59 Ga 
(concordant age) 






U-Pb LA-ICP-MS Pandey et al., 
2019 
 3440+37 (xenocryst 
age) 
 Asanbani highway Granite 3286+11 
(crystallization age) 






2.5. Singhbhum Granite Batholithic Complex (SGBC) 
2.5.1. Composition 
The SGBC covers an area of 8000 km2 and is best exposed in the south-central part of the 
SC (Figure 2.1), where OMG and OMTG suite of rocks act as enclaves within the SGBC. The 
SGBC consists of biotite granodiorite to adamellite granite, which according to Saha (1994) 
can be divided into an earliest granodiorite-trondhjemite phase-I followed by younger (intrusive 
phases II-III) of K-rich granodiorites and monzogranites. They are further grouped into type-A 
tonalites and granodiorites (phases I and II) and type-B granites (phase III) respectively (Saha, 
1994). This subdivision, however, is no longer tenable as it has been questioned by new 
geochronological data by Olierook et al (2019). Dey et al. (2019) suggested older Archaean 
granites such as Bonai, Kaptipada and Nilgiri to be included within the SGBC suite. The SGBC 
is often intertwined and deformed with the Palaeoarchaean greenstone sequences, OMTG, 
OMG suite of rocks (Dey at al., 2019). Therefore, understanding the SGBC in detail and its 
distribution throughout SC remain crucial for the crustal evolution of SC during the Archaean.  
2.5.1.1. Age data 
Previous work merged the SGBC as voluminous magmatic event within the SC during 3.3-3.1 
Ga with no clear criterion to distinguish between the late phase of OMTG magmatism with the 
earliest SGBC batholiths (Saha et al. 1984; Moorbath et al., 1986; Saha, 1994; Ghosh et al., 
1996; Mishra et al., 1999; Mukhopadhyay, 2001; Upadhyay et al., 2014; Dey et al., 2017). The 
Bonai granite, exposed in the western part of the SC was dated at c. 3100 Ma that preserved 
potential OMTG xenoliths and are dated at 3300 Ma (Moorbath et al., 1986; Saha, 1994; 
Ghosh et al., 1996; Mishra et al., 1999; Tait et al., 2011).  The Kaptipada granite exposed in 
the south-eastern part of the SC is bounded by younger gabbroic-anorthosite bodies, the 
former provides a corresponding age similar to the Bonai granite with abundant xenoliths and 
migmatites (Nelson et al., 2014; Dey et al., 2019). The Mayurbhanj granite intruded the granite 
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greenstone terrain at around ca. 3080 ± 8 to 3090 ± 5 Ma (Misra et al., 1999). Chakraborti et 
al. (2018) indicated that the Mayurbhanj granite represent Mesoarchaean anorogenic/post-
collisional magmatic event in the SC. A compilation of SGBC ages is provided below in Table 
2.8. 
2.5.1.2. Metamorphism/Deformation 
Recent U-Pb dating of metamorphic rutile by Upadhyay et al. (2014) provided metamorphic 
age constraints around c. 3.3 Ga. Based on the ages of deformed and undeformed granitoids, 
Nelson et al (2014) further pointed out that amphibolite grade metamorphism and timing of 
regional deformation can be constrained between ~3325 to 3300 Ma. Metamorphic ages from 
previous studies of the SGBC are provided below in Table 2.8. 
Table 2.8. Published ages from the Singhbhum Granite Batholitic Complex. 
Locality Age SGBC-I, II & III Age-method Reference 
Barhai 3350+20 Granite, SGBC-I 
(crystallization age) 














U-Pb SHRIMP Chaudhuri et al., 2018 
 3292+51 Granitoid, SGBC-II WR Pb-Pb isochron, TIMS Moorbath et al.,  1986 
Besoi 3442+26 Granitoid, SGBC-II WR Pb-Pb isochron, TIMS Ghosh et al., 1996 




3280+7 Granitoid, SGBC-II 
(crystallization age) 
207Pb/206Pb 




3291+9 Granite, SGBC-II 
(crystallization age) 
U-Pb SHRIMP Tait et al., 2011 
3496+5 Inherited zircon 
Rairangpur 3326+5 Monzogranite, SGBC-II 
(crystallization age) 
U-Pb SHRIMP Nelson et al., 2014 
Jashipur 3336+4 Granite and 
trondhjemite, SGBC-II 
(crystallization age) 
U-Pb LA-ICP-MS Upadhyay et al., 2014 














Dey et al., 2017 
Suleipat 3334+15 Trondhjemite, SGBC-II 
(crystallization age) 
U-Pb LA-ICP-MS Pandey et al. 2019 
















Jorapokhor 3050+37 SGBC-III WR Pb-Pb isochron, 
TIMS 
Ghosh et al., 1996 
West of 
Gorumahishani 
3332+5 Granodiorite, SGBC-III 
(crystallization age) 
U-Pb SHRIMP Nelson et al., 2014 
3368+7 Xenocrystic grain  
East of Keonjhar 3299+7 Granodiorite, SGBC-III 
(crystallization age) 
North of Seraikela 3285+7 Pegmatitic 
Granodiorite, SGBC-III 
(crystallization age) 
Jashipur and Champua 3445+4 Granite, SGBC-III 
(crystallization age) 




3128+42, 2962±33 Low-grade 
metamorphism event 
Karanjia 3308+31  Nonporphyritic granite, 
SGBC-III (crystallization 
age) 
U-Pb LA-MC-ICPMS Dey et al., 2017 
Near Lakhandih 3377+11, 3367+7 Granitoid, SGBC-III 
(concordant age) 
U-Pb SHRIMP Chaudhuri et al. 
2018 
Near Lakhandih 3286+6 Granitoid, SGBC-III 
(upper intercept age) 
Nilgiri and 
Keonjhar 
3470+10 Trondhjemite, SGBC-III 
(crystallization age) 
U-Pb LA-ICP-MS Pandey et al. 2019 
3292+19  
  Near Anadapur highway 3351+8 Granite, SGBC-III 
(crystallization age) 
Near Gamaria 3300+7 Granodiorite, SGBC-III U-Pb SHRIMP Olierook et al., 
2019 
Bangriposi 3080+8, 3092+5 Mayurbhanj Granite 207Pb/206Pb Small 
ion   microprobe 
Misra et al., 1999 






2.6. Iron Ore Group (IOG)- Brief discussion on previous nomenclature 
and related complications 
There is insufficient reliable age and geochemical data in-order to develop petrogenetic 
models related to emplacement of different volcanic rocks and genesis on the 
metasedimentary sequence of the IOG supracrustals. The IOG consists of supracrustal 
successions metamorphosed at grades generally not higher than upper greenschist facies 
(Jones, 1934; Dunn, 1929; Dunn and Dey, 1942; Sarkar and Saha, 1983).These Palaeo-
Mesoarchaean volcano-sedimentary sequences have been studied due to its high-grade iron 
ore deposits in Eastern India, which makes the understanding of the stratigraphic relationship 
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between the various sedimentary units important (Acharya, 2002; Chakraborty et al., 1980; 
Ghosh et al., 2019).  
The different volcano-sedimentary units of the Archaean supracrustal successions in the SC 
were combined as the Iron Ore Group (IOG) rocks, which includes (1) archetypal greenstone 
belt assemblages of the Gorumahisani (North-Eastern) IOG (Figure 2.2), Daitari (Southern) 
IOG (Figure 2.3), poorly documented correlative greenstone belt such as the Nuasahi belt 
(i.e., exposed south-east of the SC) and (2) intracontinental successions of the North-Western 
IOG that include metabasalt, quartzite, shale, BIF and, locally, dolomite (Prasad Rao, 1964; 
Iyengar and Murty, 1982; Jena and Behera, 2000). Several authors have repeatedly reframed 
and re-structured the stratigraphy of SC based on scanty literature review and some previous 
personal communications. Categorization of greenstone belt and younger cratonic cover 
sequence into basins, for example Gorumahisani-Badampahar basin (North-East 
Singhbhum), Daitari-Tomaka basin (South Singhbhum) and the Koira Basin (West-
Singhbhum) led to much scepticism, which were later coalesced into Iron Ore Group (i.e., IOG; 
Saha et al., 1994; Acharya et al., 2002, Mahadevan, 2002; Ramakrishnan and Vaidyanadhan, 
2008 and references therein). Such classification of the supracrustal rocks exposed in the SC 
lacked geochronological, geochemical and a coherent tectonic framework that deluded 




Figure 2.2. Geological map of the northern part of the Gorumahisani Greenstone Belt, Singhbhum 
Craton, India (modified after Dunn and Dey, 1942; Saha, 1994). 
 
Beside these well-preserved Palaeoarchaean granite-greenstone terrains, Mesoarchaean 
volcano-sedimentary successions are exposed particularly in the western part of the SC 
(Mohakul and Bhutia, 2015). Another important aspect of research in the different IOGs is 
related to the age of these iron formations in the various supracrustal sequences. Different 
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workers have varying opinions related to the status of the Iron Ore Group(s), some cluttered 
these into one Group of similar age (Dunn, 1940; Dunn and Dey, 1942; Sarkar and Saha, 
1977), others argued for a dual-scheme classification of two-separate Groups (Banerji, 1977; 
Iyengar and Murty, 1982). While a three-fold distinction based on differences in metamorphic 
grade of these BIFs was indicated by Prasad Rao et al. (1964) and Acharya (1984). 
Recent work by Sarkar and Gupta (2012) suggested a minimum of two cycles of BIF, with the 
oldest in the east and youngest towards the west of the Craton. However, Acharyya (1993) 
and Sengupta, et al. (1997) proposed a solitary greenstone-BIF assemblage much similar to 
Algoma type Archaean greenstone package. Of specific interest is the low-grade iron 
formation of the IOG- W that are intercalated with manganese bearing shale horizons and are 
of high economic significance (Iyengar and Murty, 1982, Mukhopadhyay et al., 2008).  
 
Figure 2.3. Geological map of the Daitari Greenstone Belt, Singhbhum Craton, India (after Prasad 
Rao et al., 1964). 
 
In this study, I have avoided confusing terminologies that were adopted for the various Iron 
Ore Group of rocks in the SC. Different volcano-sedimentary units of the Archaean 
supracrustal successions of the SC of India are hereby classified as greenstone belts and 
cratonic-cover sequences based on lithological and structural attributes. These are as follows: 
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(1) typical greenstone belt assemblages of the Gorumahisani greenstone belt (North-Eastern), 
Daitari greenstone belt (Southern), and correlative greenstone belts in Nuasahi as 
Badampahar Group (2) younger Cratonic-cover successions of the Koira Group (North-
Western) (Hofmann et al., 2016).  
2.7. Distinction between greenstone belts and cratonic-cover sequence 
Several authors have defined greenstone belts based on lithological associations that 
predominantly comprises basalt with evolved tholeiitic basaltic-andesitic magma (Thurston et 
al., 1985; Thurston, 1994; Condie, 1994; Sylvester et al. 1997;). They largely occur as pillow 
basalts, massive lava flows, pillow breccia and tuffs (Cartell and Taylor, 1990; Brandl et al., 
2006; Anhaeusser, 1997, 2014). Others have defined greenstone belts based on cyclicity of 
calc-alkaline magmatism associated with sedimentation namely BGB, East Pilbara Terrane 
and Abitibi greenstone belt of Canada (Viljoen and Viljoen, 1969; Anhaeusser, 1971; Thurston 
and Fryer, 1983; Van Kranendonk et al., 2002; Hickman, 2011). Greenstone successions of 
the Canadian Shield, Western Australia and South Africa preserve felsic volcanic rocks 
interbedded with mafic rocks; the former occur as felsic volcanic centres (Ayres and Thurston 
1985; Glikson and Hickman 1981; Smithies et al., 2007b; Hickman, 2012 and Anhaeusser, 
2014 and references therein).  
Sylvester et al. (1997) defined greenstone belts based on predominance of mafic-ultramafic 
rocks with sub-ordinate occurrences of sedimentary units such as shale, greywacke, chert and 
iron-formation. These greenstone sequences are often intruded by batholitic intrusions that 
range in composition from trondhjemite-tonalite to granite. Hofmann et al. (2015) defined 
greenstone belts and cratonic-cover sequences based on field, stratigraphic and tectonic 
settings. According to these authors, Archaean greenstone belts are defined by submarine 
mafic/ultramafic volcanic rocks such as pillow basalts and komatiites that are wedged in 
between TTG gneisses of different ages (Hofmann et al., 2015). Additionally, mafic/ultramafic 
sequences are also seen to be interlayered with minor chemical sediments such as banded 
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black-white cherts and iron formations in the Barberton, Daitari and Schapenburg greenstone 
belts respectively (Stevens et al.,2001; this study). In contrast, cratonic-cover sequences are 
dominated by subaerial flood basalts intercalated with shallow-marine clastic sediments and 
largely lack submarine volcanic rocks and chemical sedimentary rocks such as banded black-
white cherts (Hofmann et al., 2015; this study). The Gorumahisani and Daitari belts of the SC 
are dominated by mafic-ultramafic volcanic rocks together with felsic volcanics, chert and iron-
formation. The former in most parts are now represented by talc-serpentine-chlorite-tremolite 
and hornblende schists, with various degrees of carbonation and silicification (Dunn and Dey, 
1942, Sarkar and Saha, 1962; Sengupta et al., 1997; Jena and Behera, 2000; Hazarika et al., 
2013; this study). Rare occurrence of ultramafic lavas characterized by pristine 
quench/spinifex-textured rocks have also been reported from the both these Palaeoarchaean 
greenstone belts (Chakrabarti et al., 2017; Acharyya, 1993; Bhattacharya et al., 1996; see 
Chapters 4 and 5).  
Archetypal Palaeoarchaean greenstone belts worldwide have been named after its type 
locality such as Barberton, Nondweni belts of South Africa and Panorama, Marble Bar belts 
of Western Australia (Viljoen and Viljoen 1969a, Wilson and Versfeld, 1994a, and Van 
Kranendonk et al., 2002). Following this nomenclature of greenstone belts, I propose the linear 
NW-SE trending greenstone sequence exposed nearby ‘Gorumahisani’- a mountain range 
and renowned iron-ore mining township as the Gorumahisani Greenstone Belt and retain the 
Badampahar Group as its stratigraphic sub-division much similar to the Onverwacht Group, 
BGB, South Africa. I adopted the same nomenclature for the Daitari belt.  
The northern part of the Gorumahisani belt with an orientation of NW-SE extends upto 70 km 
while its southern part stretches to 50 km south of Rairangpur-Besoi with nearly 10 km width 
that trends NNE-SSW (Figure 2.1 this study; Jena and Behera, 2000).  The Badampahar 
Group exposed in the north-eastern part of the SC, probably the best-preserved 
Palaeoarchaean supracrustal rocks currently known from eastern India (Iyengar and Murthy, 
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1982; Jena and Behera, 2000). Previous studies have compared the volcano-sedimentary 
package of the Badampahar-Gorumahisani and Daitari belts with those from the high-grade 
rocks near Champua (Acharya, 1993; Jena and Behera, 2000). 
2.8. Badampahar Group 
2.8.1. Composition of Iron Ore Group (South)/Daitari Greenstone Belt  
(DGB) 
Previous studies have combined the Iron Ore Group of rocks exposed in the southern part of 
the Singhbhum Craton as a single stratigraphic unit, which was well-known as the Southern 
Iron Ore Group or Daitari-Tomka Basin. These supracrustal rocks of the Daitari belt were 
compared to the Badampahar Group based on similarities of volcano-sedimentary rocks 
preserved in the Badampahar and Daitari-Tomka area (Acharya, 1993; Jena and Behera, 
2000; Ramakrishnan and Vaidhyanadhan, 2008). Predominantly the Palaeoarchaean 
greenstone succession of the Daitari belt comprises mafic and ultramafic rocks with 
interbedded chemical sedimentary rocks (Acharya, 2002; Mukhopadhyay et al., 2008, 2012). 
While, felsic volcaniclastic rocks dated at c. 3.51 Ga permit comparison with the lower portions 
of the Onverwacht and Nondweni groups of the Kaapvaal craton and the Coonterunah Group 
of the Pilbara craton (Wilson and Versfeld, 1994a; Mukhopadhyay et al., 2008; Xie et a., 2012; 
Hofmann et al., 2016). Mukhopadhyay et al. (2012) proposed a lithologic succession for the 
Daitari belt with basal pillow lava, subaqueous dacitic and pyroclastic rocks, overlain 
conformably by a thick BIF unit. Furthermore, these authors suggested a deep-water lava flow 
to more evolved pyroclastic rocks that record mass-flow deposits at the base, while an overall 
deep-marine setting was highlighted because of the presence of pillow lava, chemical 
sedimentary rocks such as bedded cherts, and BIFs. The rocks of the Daitari belt have been 
subjected to multiple phases of folding and faulting (Prasad Rao et al., 1964; Acharya, 2002; 
Mukhopadhyay et al., 2012). The DGB is unconformably overlain by the Mahagiri quartzite, 





Prior work on the DGB have provided relevant idea about its age and geology (Mukhopadhyay 
et al., 2008). Felsic volcanic rocks from the Daitari belt yielded a U-Pb SHRIMP age of 3507± 
2 Ma from magmatic zircon crystals (Mukhopadhyay et al., 2008, Sreenivas et al., 2018). 
2.8.1.2. Metamorphism 
The mafic volcanic rocks of the Daitari belt show greenschist facies mineral assemblages, 
such as chlorite-epidote-albite-sphene-quartz with minor tremolite-actinolite (cf. 
Mukhopadhyay et al., 2008, this study). See Chapters 4 and 8 for further details related to 
metamorphic conditions of the Palaeoarchaean volcano-sedimentary rocks. 
2.8.2. Composition of Iron Ore Group (East)/Gorumahisani Greenstone 
Belt (GGB)  
The Badampahar Group exposed in the NE-part of the SC consists of meta-volcanic sequence 
with minor-interlayered sedimentary rocks that characterize the GGB (Iyengar and Murthy, 
1982; Jena and Behera, 2000). The Badampahar Group mostly comprises komatiite, basalt, 
agglomerate, tuff and minor chemical sedimentary units such as BIFs and cherts. Common 
volcanic rocks include komatiite, pillow basalt, and felsic volcaniclastic rocks that are 
characterized by altered/silicified volcanic pile overlain by banded cherts (Dunn, 1940). A 
direct age for these komatiite occurrences is lacking from the Gorumahisani belt (Yadav et al., 
2015; Chaudhuri et al., 2017). Sengupta et al. (1997) classified the basaltic rocks from the 
Gorumahisani area as high Fe-Mg tholeiitic basalts. The mafic-ultramafic rocks of the GGB 
are often intercalated with metre-thick sedimentary units, including green chert, black chert, 
banded black-and-white chert, and phyllite, which have been collectively regarded to indicate 
an overall submarine/marine volcanism in the Gorumahisani belt (Jena and Behera, 2000). 
Cherts of the GGB comprise banded black-and-white chert, granular chert, laminated chert 
and massive black chert. Siliclastic carbonaceous sedimentary rocks of the are GGB are 
characterized by carbonaceous phyllites, and host gold in quartz-carbonate-sulfide veins and 
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together with free Au-grains in quartz veins (Hazarika et al., 2013; Sahoo and Venkatesh, 
2015.  
2.8.2.1. Age 
So far, a direct age of the GGB volcano-sedimentary sequence was lacking. Recently dated 
volcaniclastic rock of the GGB yielded a magmatic crystallization of 3510 ± 3 Ma (this study, 
see Chapter 5), thereby placing this Palaeoarchaean greenstone belt in contention with the 
relatively documented Palaeoarchaean rocks of the DGB exposed south of the SC. 
2.8.2.2. Metamorphism 
Aforementioned Palaeoarchaean greenstone sequence only suffered upper greenschist 
facies metamorphic conditions (Sahoo and Venkatesh, 2015). Hazarika et al (2013) proposed 
pyrite geothermometry estimate of greenschist metamorphic conditions near Kundarkocha 
area in the Gorumahisani belt. 
2.9. Iron Ore Group (West)/Koira Group 
2.9.1 Composition of Iron Ore Group (West) 
The Koira Group largely consists of subaerial mafic basaltic rocks, sandstones, shales with 
economic iron-ore deposits and manganese deposits–locally dolomite is seen to occur 
interlayered within volcano-sedimentary package. This typical association of carbonates with 
manganese deposits are not found in the older Palaeoarchaean greenstone belts of the 
Singhbhum Craton. The Koira Group is more akin to intracontinental sedimentary succession 
(e.g., Pongola Supergroup, South Africa; Hofmann et al., 2016). It is, well-known as the Koira 
Group (Iyengar and Anand, 1962; Murthy and Acharya, 1975), which is preserved as a horse 
shoe-shaped synclinorium trending NNE-SSW and plunging NE, which was previously 
referred to as the Bonai-Keonjhar belt (Murthy and Acharya, 1975, Saha, 1994; Gosh and 
Mukhopadhyay, 2007).  
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The Koira Group hosts the largest reserve of high-grade iron and manganese ore deposit from 
Eastern India, which makes the understanding of the stratigraphic relationship between the 
various sedimentary units important (Acharya, 2002; Basu et al., 2008; Chakraborty et al., 
1980; Mukhopadhyay, 2001; Mukhopadhyay et al., 2008). The Koira Group is flanked by the 
Bonai granite to the west and the Older Metamorphic Group to the east. Younger group of 
meta-sediments lie unconformably above the Koira Group in the northern part. Relicts of 
Dhanjori lava suites are found in the northern and eastern part of the basin. However, absence 
of radiometric age data makes the stratigraphic positioning of these supracrustal rocks 
uncertain. Although Mohakul and Bhutia (2015) suggested that the volcano-sedimentary 
sequence of the Koira Group overlies the granitoid-greenstone supracrustal rocks of the SC 
and thus younger than ~3.0 Ga.  
2.9.1.1. Age data 
The Koira Group lacks geochronological age data, except for U-Pb zircon age published as 
an abstract and obtained from a felsic unit that yielded an age of 3392 ± 29 Ma (Basu et al., 
2008). However, this data is highly contested due to lack of understanding in terms of 
geographic and stratigraphic positioning of the tuff layer within the framework of regional 
geology as already established by several workers (Iyengar and Alwar, 1965; Iyengar and 
Murthy, 1982 and Mohakul and Bhutia, 2015). One other possibility is that the zircons dated 
by Basu et al (2008) may represent xenocrsyts derived from the widespread ~3.4 Ga 
magmatism of the SGBC suite.  
2.9.1.2. Metamorphism 
On average the metamorphic grade of the Koira Group is relatively lower than the volcano-
sedimentary belts of the Daitari and Gorumahisani belts (Prasad Rao et al., 1964; Iyengar and 
Alwar, 1965). Previous studies of the volcano-sedimentary rocks exposed in the western part 
of the SC have suggested low-grade greenschist metamorphic conditions (Iyengar and Murty, 




The Older Metamorphic Group (OMG) represent high-grade supracrustal rocks of the 
Singhbhum craton that are Palaeoarchaean in age (Hofmann and Mazumder, 2015; 
Chaudhuri, 2020). The maximum depositional age for the OMG was determined based on the 
youngest zircons c. 3.35 Ga, which is also coherent with the Singhbhum phase-II granites 
dated at c. 3328 ± 7 Ma (Mishra et al., 1999). However, Hofmann and Mazumder (2015) 
argued for an intrusive relationship of the OMTG with the OMG, in correlation to the OMTG 
suite dated at 3.45 Ga from the Champua area that imposes questions regarding the 
tectonostratigraphic relationship of the OMG with the OMTG and the SGBC. The OMTG suite 
is interlaced with older supracrustal rocks such as OMG/Palaeoarchaean greenstone 
successions, the former represents an extended crustal growth in the SC during c. 3.53 to 
3.38 Ga (Hofmann et al., submitted). Much of the understanding on the OMG and OMTG is 
based on scattered datasets from different parts of the Singhbhum Craton.  
Contrary to this, IOG supracrustal sequence hosts important iron ore deposit associated with 
banded iron formation and other well-preserved Archaean sedimentary rock units such as 
different variety of cherts, and clastic rocks for example shales, greywackes that will provide 
vital information on early Earth surface processes operating in the Archaean (see Chapters 4, 
5, 6, 7 and 8). These Palaeoarchaean greenstone belts such as DGB, GGB predominantly 
comprises submarine mafic/ultramafic sequences interlayered with felsic volcanic, 
volcaniclastic and siliciclastic rocks together with chemical sedimentary rocks upwards in the 
stratigraphy (see Chapters 4 and 5). Recent age dating of well-preserved felsic volcanic rocks 
and mapping from the southern and north-eastern greenstone belts of the Singhbhum Craton 
have led to a better understanding on the regional geology in these belts (Mukhopadhyay et 
al., 2008; Acharyya et al., 2010; refer Chapters 4 and 5). The volcano-sedimentary rocks 
exposed in the southern, north-eastern part of the Singhbhum Craton, consists of greenstone 
successions metamorphosed generally at mid-greenschist facies (Chapters 4, 5 and 8).  
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However, cratonic-cover sequence rocks of the Koira Group consist of metabasalt, sandstone, 
shale and iron-formation with minor carbonate (Murthy and Acharya, 1975), which otherwise 
lacks ultramafic rocks, highly altered volcanic rocks, bedded chert units and chert veins. 
Rather the presence of minor intercalated carbonate units, and manganese bearing shale 
horizons are unique to the Koira Group and missing in the Badampahar Group. There is a 
need for comprehensive revision based on field, stratigraphic and tectonic understanding, 
where these rocks are best exposed. Alternatively, high-resolution stable and radiogenic 
isotopic systematics of these rocks in connection with the Palaeo-Mesoarchaean volcano-
sedimentary sequences of the DGB, GGB and correlative greenstone belts together with 
cratonic-cover sequences should be considered to trace any linkage. 
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      Methodology 
3.1. Introduction to sample preparation for U-Pb dating 
For U-Pb dating, sample GUD-3, DM 71D, DM 10/2, and DM 47D/3 were crushed and milled 
to pass a 250-micron nylon mesh followed by which panning of these samples were conducted 
to concentrate the heavy fractions. After panning, zircons were separated using standard 
technique such as magnetic separation, thereafter, zircon crystals were hand-picked using a 
binocular microscope. Selected zircon crystals were mounted in epoxy resin and polished to 
expose the interiors of zircons. Prior to LA-ICP-MS, all zircon crystals were imaged using a 
cathodoluminescence (CL) detector attached to a Tescan Vega scanning electron microscope 
(SEM) at the Spectrum Central Analytical Facility, University of Johannesburg, South Africa. 
3.2. Major and trace element analysis 
3.2.1. Major element analysis, University of Johannesburg  
Major element contents were determined on fusion disks, using a Panalytical MagiX PRO X-
ray fluorescence spectrometer housed at the University of Johannesburg’s Spectrum Central 
Analytical Facility. Samples are dried at 105 °C, the loss on ignition (LOI) is measured after 
30 min at 930ºC in air, and borate fusion discs are prepared either from the dried or the ignited 
material (Bennett et al., 1992). The major element application then determines the mass 
percentages of Al2O3, BaO, CaO, Cr2O3, Fe2O3, K2O, MgO, MnO, Na2O, NiO, P2O5, SiO2, TiO2 
and V2O5. Sulfur is reported as SO3, but it may be partially volatile during LOI and borate 
fusion. Fe2O3 is the total iron content expressed as Fe2O3; the same applies to other analytes 
that may be present in different oxidation states. Detection limits are about 0.05 mass %. 
The major element method has been calibrated with mixtures of pure chemicals (essentially 
oxides) and with certified reference materials using a fundamental parameters model. This 
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allows for all combinations of elements within the range of the calibration, which extends up 
to: 
-3 mass % Cr2O3. 
-20 mass % for Na2O, SO3, K2O, V2O5, NiO and BaO. 
-40 mass % P2O5. 
-50 mass % for MgO and TiO2. 
-65 mass % MnO. 
-90 mass % CaO. 
-95 mass % Fe2O3. 
          -100 mass % for Al2O3 and SiO2. 
3.2.2. ICP-MS analysis, University of Witwatersrand 
Trace elements were determined at the Earth Lab at the University of the Witwatersrand, 
Johannesburg, South Africa. The samples analysed for trace elements were prepared in 
solution by digestion of 50 mg of powder in a 2:1 HF: HNO3 mixture with dissolution carried 
out using the Mars Microwave digester with an active digestion time of 40 minutes. The 
samples were then dried down at 80°C and fluorides were decomposed by a further digestion 
stage in microwave digester using pure HNO3 and then transferred to Savillex beakers for a 
final dry down. The sample was taken up in 300µl of pure HNO3 and made up to 50 ml (by 
weight) together with a mixture of the internal standards Re, Bi, Rh and In. Analysis was 
carried out using a Thermo-Fischer iCAP quadrupole ICP-MS against external calibration 
standards made from certified 10 ppm Perkin Elmer and Alfa Aesar solutions. International 
certified USGS standard materials BCR-1 and BHVO-1 were analysed with every run. The 
precision for all the elements of interest was better than 5% for most elements analysed for 




3.3. U-Pb dating & Hf-Lu isotope analysis, University of Johannesburg 
U-Pb dating and Lu-Hf isotope ratio measurements were performed using a 193nm ArF 
RESOlution SE excimer laser (Australian Scientific Instruments, Fyshwick), connected to a Nu 
Plasma II multi-collector inductively coupled mass spectrometer (MC-ICP-MS) (Nu 
Instruments, Wrexham), housed in the Spectrum analytical facility at the University of 
Johannesburg. The Nu Plasma II MC-ICPMS has 16 Faraday detectors and 5 ion counters. 
An RF power of 1300W, a coolant gas flow of 13 L/min, an auxiliary gas flow of 0.88 L/min, 
and a nebulizer gas flow of 0.9 L/min was used for analyses. The reflected power was less 
than 3W. Ablations were performed in a Laurin Technic dual-volume sample cell, in a mixed 
argon-helium atmosphere. The He laser carrier gas flow was 0.3 L/min. 
For U-Pb measurements spot sizes of 30 µm were ablated at a repetition rate of 3 Hz, using 
an energy of 4 mJ at a beam transmission of 12.5%, which produced an on-sample laser 
density of 0.85 J/cm2. The detector configuration for U-Pb measurements were as follow: H8 
= 238U; H7 = 232Th; IC0 = 208Pb; IC1 = 207Pb; IC2 = 206Pb; IC3 = 204Pb (+ 204Hg); IC4 = 202Hg. 
Background was measured on peak for 20 seconds prior to ablation, and subtracted from the 
ablation signal, which lasted for 50 seconds. Instrumental mass bias and fractionation was 
corrected through sample-standard bracketing, and all corrections and other calculations were 
performed off-line using an inter-active excel spreadsheet program as described by Andersen 
et al. (2009). The zircon OG1 (3465.4 ± 0.6 Ma) as described by Stern et al. (2009) was used 
as calibration standard. Zircons references A382 (1877 ± 2 Ma) and A1772 (2712 ± 1 Ma) 
(Huhma et al., 2012) were used as secondary standards, along with additional measurements 
of OGC1. In this study ages of 1870 ± 10 Ma was determined for A382, 2730 ± 17 Ma for 
A1772, and 3472 ± 11 Ma for OGC1. 
For Lu-Hf measurements spots were ablated, varying in size from 40 µm to 80 µm, depending 
on the size of the zircons. A laser energy of 6mJ at 50% beam transmission, and a repetition 
rate of 7 Hz, was used. The on-sample laser density was 5.5 J/cm2. The detector configuration 
was as follow: H4 = 180Hf; H3 = 179Hf; H2 = 178Hf; H1 = 177Hf; Ax = 176Hf + 176Yb + 176Lu; L1 = 
175Lu; L2 = 174Hf + 174Yb; L3 = 173Yb; L4 = 172Yb; L5 = 171Yb. Background was measured on 
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peak for 25 seconds prior to ablation, and subtracted from the ablation signal, which lasted for 
70 seconds. 171Yb and 173Yb were used to calculate a mass bias correction factor for Yb 
according to the Russel equation, using a 171Yb/173Yb value of 1.12346. 171Yb was used to 
calculate 174Yb using a 174Yb/171Yb ratio of 2.21559, and to calculate 176Yb using a 176Yb/171Yb 
ratio of 0.88395. Mass bias for Lu was assumed to be the same as for Yb. 175Lu was used to 
calculate 176Lu, using a 176Lu/175Lu ratio of 0.02645 (Thirlwall and Anczkiewicz, 2004). 176Yb 
and 176Lu were then stripped from the total signal on mass 176 to obtain 176Hf, and 174Yb was 
stripped from the signal at mass 174 to obtain 174Hf. The Hf mass bias correction factor was 
determined from the observed 179Hf/177Hf ratio, assuming a true ratio of 0.7325 (Thirlwall and 
Anczkiewicz, 2004). Zircon standards used to evaluate the accuracy of the measurements 
were Mud Tank (low Lu and Yb concentrations; 0.282483 ± 12 (2SD) measured vs 0.282507 
± 6 (2SD) reported by Woodhead and Hergt (2005)), Plešovice (average Lu and Yb 
concentrations; 0.282450 ± 12 (2SD) measured vs 0.282482 ± 13 (2SD) reported by Sláma 
et al., 2008), and LV11 (high Yb and Lu concentrations; 0.282810 ± 35 (2SD) measured vs 
0.282830 ± 28 (2SD) reported from solution analysis by Heinonen, Andersen and Rämö, 
2010). Calculation procedures were evaluated by monitoring the 174Hf/177Hf and 178Hf/177Hf 
ratios of all samples, obtaining an average 174Hf/177Hf value of 0.00867 ± 4 (2SD), and an 
average 178Hf/177Hf value of 1.46727 ± 4 (2SD), comparable to the values given by Thirlwall 
and Anczkiewicz (2004) 
3.4. Raman analysis, University of Johannesburg 
Chert and shale samples were prepared for polished thin sections and studied by optical 
microscopy and Raman spectroscopy using a WITec alpha 300R Laser Raman confocal 
microscope at the University of Johannesburg. A WITec Alpha300 R confocal Raman 
microspectrometer configured with a frequency-doubled Nd-YAG laser (wavelength 532 nm) 
was used. The microspectrometer was calibrated with a silicon standard before acquisition 
commenced. The 20× objective lens was used to collect the scattered radiation and, when 
needed, the 50× lens was used for more detailed analysis. The laser operated at a power of 
1mW in order to avoid thermal degradation. Raman scattering was analysed over a range of 
53 
 
0 to 3600cm-1 to obtain both 1st and 2nd order spectra of carbonaceous matter (CM). Point 
analyses of samples were taken for 30 seconds with 10 accumulations to obtain good signal-
to-noise ratio and to minimize laser induced degradation of carbonaceous matter in the thin 
sections.  
3.4.1. Parameters chosen for Raman analysis of carbonaceous matter 
Samples were chosen to be prepared for thin sections perpendicular to the bedding plane in 
cherts to avoid the structural determination of crystalline graphite (Wang et al., 1989; Beyssac 
et al., 2002). This led to orientation of the optical axis of the laser beam perpendicular to the 
CM c-axis (Beyssac et al., 2002). A minimum of ~7-12 spectra were collected for each sample 
to account for within sample heterogeneity as discussed by Beyssac et al. (2004). These 
spectra were taken from different carbonaceous particles in the sample as well as different 
spots in individual thin section. In-situ measurements were carefully conducted on CM; 
precautionary measures were applied because of mineral matrix, thin-section preparation 
techniques and orientation of CM with respect to the incident laser beam, laser beam induced 
heating that causes a shift of the E2g mode (Beyssac et al., 2002, 2004). In order to avoid 
surface artefacts due to polishing effect of thin-sections, Raman spectra was acquired on 
different spots usually beneath the surface at (>1-3 µm) (Beyssac et al., 2002).1-5 µm spot 
size were chosen on CM of different samples Baseline corrections and deconvolution were 
performed using software Origin Pro9. Raman spectra of carbonaceous matter with high 
fluorescence were eliminated for deconvolution analysis due to reliability of data.  
3.4.2. Raman spectra evaluation of different carbonaceous matter 
The spectra text files were imported into OriginPro 9.0 software for curve fitting and peak 
deconvolution purposes. The baseline due to background fluorescence was subtracted (if 
needed). The spectra were all fitted with an R2 > 0.98. By taking all these peaks into account, 
a converged fit was reached for the carbonaceous samples. Errors were all below 10% based 
on a 90% confidence level. For the first order spectra the intensities were used to calculate 
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(Sforna et al., 2014): ID/IG, where ID is the intensity of the D1 peak and IG is the intensity of 
G peak. 
1st order Raman spectra of carbonaceous material is mainly characterized by five peaks 
namely G, D1, D2, D3, and D4 that are seen in the region from 1100-1800 cm-1; the 2nd order 
spectra are confined to a region from 2200-3400 cm-1 (Wopenka and Pasteris, 1993). The 1st 
and 2nd order peaks were analysed separately (as recommended by Sadezky et al., 2005). 
The 1st order region corresponds to the E2g vibration mode of the sp2-bonded hexagonal 
crystal structure in CM (Sforna et al., 2014). Poorly ordered carbon D1-band occur as a broad 
prominent peak at 1350 cm-1. D1 band is in-plane defects or structural defects of heteroatoms 
(e.g. O, H and N). On the other hand, due to intense graphitization the area of the D1-band 
decreases as a result of the stiffened aromatic planes (Beyssac et al., 2002). This result in the 
appearance of a dominant G band at 1580 cm-1 and corresponds to the E2g vibration mode of 
the CM crystal. In this study, the spectra files were fitted with three dominant 1st order region 
spectra namely D1, G and D2 peaks. The D2-band appears at 1620 cm-1, which appears to 
form as resolved shoulder on the G-band. 
Especially low-temperature range (e.g., 200 to 330°C) Raman geothermometry model of 
Lahfid et al. (2010) could not be applied to the GGB and DGB sediments as the carbonaceous 
samples of these greenstone belts are largely devoid of D4- and D3-bands. With a rise in 
temperature the D1 band will increase in height (Lahfid et al., 2010). In this case, D3- and D4-
bands are usually resolved and considered for Raman geothermometry model (Lahfid et al., 
2010; Kouketsu et al., 2014). While medium to high-grade metamorphic rocks are often 
characterized by the absence of D3 and/or D4-bands, whereas G+D2 pair is characterized by 
an asymmetric and a well-resolved D2 shoulder (Kouketsu et al., 2014). Henceforth, the D3- 
and D4-bandswere not considered for Raman thermometry evaluation. In this study, we 
applied the widely used band-fitting protocol of Beyssac et al. (2002) to estimate a tentative 
Raman thermometry for the CM preserved in the GGB cherts. Beyssac et al. (2002) defined 
the ratio R2 (1) and T (2) with peak metamorphic temperature in the range 330–650°C. 
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Beyssac et al. (2002) indicated non-existence of R2 above 650°C; as metamorphosed CM 
would attain the triperiodic structure of pure graphite. 
R2 = AD1/ (AD1 + AD2 + AG)  (1) 
with  
T = -445 * R2 + 641 (±50°C)             (2) 
3.5. Elemental Analyser (EA) analytical method for carbon isotopes, 
University of St. Andrews, Scotland 
The samples were weighed into 8x5mm tin capsules (Thermo Fisher) and analysed by flash 
combustion with an Elemental Analyser Isolink (Thermo Fisher) coupled to a MAT253 isotope-
ratio mass spectrometer via a Conflo IV (Thermo Finnigan). The EA was equipped with a 
combustion reactor at 1020°C filled with Cr2O3 and silvered cobaltic-cobaltous oxide, which 
ensure complete oxidation of carbon to CO2 and stripping of sulphur from the gas stream, 
respectively. Pure O2 gas was injected in the combustion furnace at a flow rate of 250ml/min 
for a duration of 5 seconds starting with the drop of the sample. The gas stream was passed 
through a water trap filled with Mg(ClO4)2 at room temperature before entering the gas 
chromatography column (GC).  
The measured isotopic composition of the samples was calibrated to to the VPDB scale for 
carbon with international reference standards (USGS-40, USGS-41, USGS-62) that were 
analysed at the beginning, in the middle and end of each run. Results are expressed in 
standard delta notation. 
3.6. O-isotope analysis, University of Cape Town 
The design of the laser system is based on that originally described by Sharp (1990) and uses 
a 20 W New Wave CO2 laser, mounted on a moveable stage. For laser fluorination, 
approximately 1 to 3 mg or quartz were analysed (between 1 and 5 grains). Normally ten 
samples and two standards were loaded at any onetime into a highly polished pure Ni sample 
holder. The internal standard used was MONGT originally derived from a single Monastery 
garnet megacryst (Harris et al., 2000). After loading, the Ni sample holder was placed in an 
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oven at 110°C for at least one hour following which the samples were transferred to the 
reaction chamber. After pumping for > 2 hours, about 10 kPa of BrF5 was expanded into the 
reaction chamber for 30 s and then removed cryogenically. Following further pumping (>30 
min), a second load of 10 kPa BrF5 was expanded into the reaction chamber and left overnight 
before extraction of oxygen from the samples was attempted. Each sample was reacted in the 
presence of approximately 10 kPa BrF5. On completion of the reaction, the excess BrF5, and 
the free Br formed by dissociation, were frozen into a cold finger, and the remaining gases 
were allowed to pass through a KCl trap maintained at about 200ºC, to remove any F2 
produced. The gasses were then expanded into a stainless-steel double-U trap immersed in 
liquid nitrogen and the purified O2 was collected onto 5 Å molecular sieve contained in glass 
storage bottles. Each day, before extraction of any samples was attempted, a blank was run 
and the amount of gas measured. The blank pressure was typically < 1/200 of the sample 
volume of a 1 mg sample. The 12 samples thus extracted were analysed off-line. Most quartz 
samples were analysed using a conventional vacuum extraction line employing ClF3 as the 
reagent (e.g. Borthwick and Harmon, 1982). 
Approximately 10 mg of quartz powder was loaded into externally heated Ni tubes after drying 
at 50°C overnight. The quartz standard NBS28 was analysed in duplicate along with eight 
samples in each run. The samples were then degassed under vacuum at 200°C for two hours, 
and then reacted with ClF3 at 550°C for three hours. The following day the liberated oxygen 
was passed over a hot carbon rod, converting it to CO2 gas, which was frozen into break seal 
tubes. All O-isotope ratios were measured off-line using a Finnegan DeltaXP mass 
spectrometer, in dual inlet mode, and all data are reported in the familiar notation, where 18O 
= (Rsample/Rstandard-1) *1000 and R = 18O/16O, and SMOW is the standard. For laser analysis, 
O-isotope ratios were measured on O2 gas and the isotope composition of the O2 reference 
gas was determined by converting an aliquot of O2 to CO2 using the carbon convertor on the 
conventional extraction line. This value was used to calculate raw values of each sample 
relative to the SMOW scale. MONGT was recalibrated against the UWG-2 garnet standard of 
Valley et al. (1995) using the current laser system and has a δ18O value of 5.38‰, assuming 
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a δ 18O value of 5.80 for UWG-2. This value is in close agreement to the value of 5.3‰ obtained 
by Vielzeuf et al. (2005) for a similar garnet from Monastery. The δ 18O value of 5.38‰ for 
MONGT was used to normalise the raw data to the SMOW scale. Quartz analysed by the 
conventional method, was normalised to the SMOW scale using a δ 18O value of 9.64‰ for 
NBS-28 (Coplen, 1993). 
3.7. Electron Probe Microanalysis (EPMA), University of 
Johannebsburg 
EPMA analyses of chlorite from the chlorite schists of the Daitari Greenstone Belt (83 
analyses) have been carried out with the following analytical settings: 15-kV acceleration, 20-
nA beam current, 5-mm spot size, 1.5-min total counting time. Reference materials include 
almandine (Al), hematite (Fe), orthoclase (K), diopside (Si), jade (Na), olivine (Mg), apatite (P), 
Cr spinel (Cr), and wollastonite (Ca). Detection limits are 150 to 500 ppm, except those for Fe, 
Mn, and Cr, which are between 650 and 900 ppm. 
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 Geology of the Daitari Greenstone Belt 
4.1. Introduction 
The ca. 3.52 to 3.3 Ga old Daitari Greenstone belt (DGB) of the Singhbhum Craton (SC) 
represents the oldest well-preserved Palaeoarchaean supracrustal succession in India 
(Mukhopadhyay et al., 2008; this study). It is situated in the southern part of the Singhbhum 
Craton (Figure 4.1, Chakraborty et al., 1980; Acharyya, 1993, Acharya, 2002; Mukhopadhyay 
et al., 2008; 2012, for details refer Chapter 2). Similar to other Palaeoarchaean greenstone 
belts worldwide, the DGB is associated with trondhjemitic-tonalitic gneisses (a.k.a. TTG; this 
study). The latter are intrusive into the Daitari and Gorumahisani belts (see Chapter 5), and 
held responsible for stabilization of the Singhbhum Craton (SC) together with younger granitic 
emplacement around 3.1 Ga (Hofmann et al., submitted). 
The DGB is comparable to the best documented granite-greenstone successions, namely the 
Barberton Greenstone Belt (BGB) in the Kaapvaal Craton of South Africa and East Pilbara 
Terrane in the Pilbara Craton of Western Australia (Lowe and Byerly, 2007; Byerly et al., 2019; 
Van Kranendonk et al., 2019) in terms of its lithological make-up and degree of preservation. 
Felsic volcaniclastic rocks dated at c. 3.51 Ga (Mukhopadhyay et al., 2008; Sreenivas et al., 
2019) from the Daitari area permit coordinate comparison with the lower portions of the 
Onverwacht and Nondweni groups of the Kaapvaal Craton. The DGB, covering an area of 
(~60 km2, Figure 4.2) is largely represented by mafic/ultramafic rocks, which comprise 70% of 
the greenstone belt. And are yet to be dated using radiogenic isotopic systematics but 
nonetheless these represent the oldest mafic-ultramafic suite of rocks reported from the 
Singhbhum Craton.  
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Clastic sedimentary rocks of the DGB were dated on detrital zircon grains using LA-ICP-MS 
at the University of Johannesburg, South Africa (Chapter 7, see Appendix A1, Table 1 for 
sample details and locality). The volcano-sedimentary rocks of the DGB have been subjected 
to greenschist facies metamorphism only, whereas, locally in contact with intrusive TTG’s and 
shear zones the metamorphic grade increases to amphibolite facies.  
 
Figure 4.1. Geological map of the Daitari Greenstone Belt modified after Prasad Rao et al., 1964. 
 
4.2. Stratigraphy and field relation of the Badampahar Group  
In this study, the volcano-sedimentary package of the DGB is assigned to the Palaeoarchaean 
Badampahar Group in order to establish a stratigraphic framework as has been proposed by 
different authors in the Singhbhum Craton (Acharyya, 1993; Jena and Behera, 2000). A 
lithostratigraphic approach was adopted to further sub-divide the different formations. 
Mukhopadhyay et al. (2012) suggested a simplistic stratigraphic scheme for the basaltic, 
dacitic, and orthochemical rocks DGB to some extent. However, a detailed stratigraphic 
framework and categorization of the various volcano-sedimentary strata based on their field 
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relationships, regional geological setting and an overall tectonic understanding is lacking. In 
this study, I propose an illustrative stratigraphic model and the geological evolution of the DGB 
based on the present study and published work (Prasad Rao et al., 1964; Acharyya, 1993; 
Acharya, 2002; Mukhopadhyay et al., 2008; 2012). 
 
Figure 4.2. Detailed geological map of the Daitari Greenstone Belt (this study). 
 
Most of the terminology used for rock classification and categorization are based on their 
protoliths as they frequently show well-preserved textures and structures that are observable 
in the field and hand specimen. Volcano-sedimentary rocks of the DGB have suffered 
metasomatic processes during sea-floor alteration, the latter is regarded as a widespread and 
common phenomenon during the Palaearchaean as recorded from greenstone sequences of 




Figure 4.3. Generalized stratigraphic log of the Daitari Greenstone Belt. 
 
The Badampahar Group in the DGB is further sub-divided lithostratigraphically into five major 
formations (Figure 4.3). The various formations are named after mountain ranges and villages, 
where the volcano-sedimentary rocks are best exposed. The Kalisagar Formation was named 
after the mountain range ‘Kalisagar Parbat’ and is largely composed of komatiite, komatiitic 
basalt, and abundant pillow basalts with thin interbedded sedimentary units of chert and minor 
silicified shale, marking a period of volcanic quiescence (Figure 4.3). The overlying Talpada 
Formation, named after the type locality near Talpada village, consists mostly of dacitic-to-
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rhyodacitic pyroclastic flows, with minor interbedded chert units. The overlying Sindurimundi 
Formation is named after the Sindurimundi mountain range and primarily comprises 
interstratified siliciclastic units, with thinly bedded cherty layers, and minor mafic volcanics. 
The Tomka Formation is named after the Tomka mountain range and comprises of a thick 
chemical sedimentary sequence. The youngest volcano-sedimentary strata is the Talangi 
Formation, which is named after the Talangi village, and is mostly made of mafic volcanics, 
minor komatiites and thin interbedded cherts.  
Volcanic rocks (mostly submarine) make up almost 70% of the DGB, and the bulk of these 
volcanics are preserved in the lower parts of the stratigraphy, which consists of the Kalisagar 
and Talpada formations. The Kalisagar and Talpada formations mapped in this study are best 
preserved nearby the Kalisagar mountain range, villages of Dhalkisai, Talpada, and Daitari 
mine township respectively (Figure 4.2). Sedimentary rocks of the Sindurimundi and Tomka 
formations, of which outcrops are best exposed along the Sindurimundi and Tomka mountain 
ranges near the Odisha Mining Corporation (OMC) Iron Ore mine (Figure 4.2). They 
encompass ~1500 meters of clastic and chemical sedimentary rocks in the Daitari area.  
4.3. Kalisagar Formation 
The Kalisagar Formation is the oldest stratigraphic package of the DGB. The Kalisagar 
Formation consists of ~3 km thick sequence of mafic-ultramafic schists/lavas, cherts and 
minor silicified shale units together with intrusive felsic volcanic rocks. The latter is dated at 
3.51 Ga (Xie et al., unpublished data). Based on field observations, no structural duplication 
of units have been observed. Volcanic rocks of the Kalisagar Formation are often present as 
altered mafic/ultramafic schists (e.g., carbonated talc-serpentine schists, and chlorite schists; 
Figure 4.4a-b) although occurrences of well-preserved komatiites and pillow basalts are also 
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seen in the field. The Kalisagar Formation at the base is marked by a sheared contact with 
the intrusive granitoids (Figure 4.4c-d), whereby, younger mafic dykes as thick as 15  
 
Figure 4.4. a) Carbonated ultramafic rock, with silicified fuchsitic lenses (Photo courtesy: A. Hofmann). 
b) Carbonated mafic schist. c) Coarse-crystalline grantoid gneiss (Photo courtesy: A. Hofmann). b) 
Granitoid gneiss forming pavement intruded by mafic dykes (Photo courtesy: A. Hofmann). 
 
meters cut both granitoids and greenstones locally. Near Baliparbat (Figure 4.2), immediately 
in contact with the intrusive granitoid, talcose schist is seen to be intercalated with chlorite 
schist and minor green chert. These talcose schists are mostly altered and carbonated with 
brown-colored carbonate rich domains. Close to the preserved base of the Kalisagar 
Formation, further north of the ‘Waterfall locality’ (Figure 4.2), the lithologies are characterized 
by the presence of predominantly talcose schist, pillow basalt, and minor interlayered chert. 
The upper part of the Kalisagar Formation is represented by highly silicified pillow basalt 
(Figure 4.5a-b) that in turn is capped by a laterally discontinuous chert unit that can be ~3 to 
5 m thick locally (Figure 4.2). Near Daitari township (Figure 4.2), the Kalisagar Formation 
shows a sharp and conformable contact relationship with the basal pyroclastic rocks of 
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Talpada Formation and the underlying silicified profile with bedded chert horizon. However, 
near Baliparbat, this contact is faulted at places. Otherwise, nearly ~1 km north-west of the 
Talpada stream section (Figure 4.2), the top part of the Kalisagar Formation is observed as 
highly deformed pillow basalts (Figure 4.5b), which in turn is affected by black chert veins. 
 
Figure 4.5. a) Unaltered small-sized pillows near a streambed section towards the upper part of the 
Kalisagar Formation. Note: Stippled ellipsoidal outline showing the margin of each pillow. b) Highly 
altered/silicified, medium to large sized-pillows containing ocelli, shown here in white stippled ellipsoidal 
outline near the contact between Kalisagar and Talpada Formations. Note: White arrows in the 
photograph are indicating deformed ocelli. 
  
Another important lithology of the Kalisagar Formation is the widespread occurrence of green 
chert, which is frequently interbedded with laminated black chert, the former being represented 
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by ultramafic-mafic derived silicified volcaniclastic material (Figure 4.6a). Field-based study 
has revealed that highly altered mafic-ultramafic rocks are frequently affected by black chert 
veins (either cross-cutting or stratiform). Often such altered volcanic pile is capped by a thin 
laminated black chert. This relationship is used as a reliable way-up indicator in the field 
(Figure 4.6b).  
 
Figure 4.6. a) Finely laminated green chert (Photo courtesy: A. Hofmann). b) Capping chert unit with 
underlying altered ultramafic rock. Way-up is towards the left of the photograph. This is indicated by a 
white arrow. Highly carbonated ultramafic rocks can be viewed towards the extreme right.  
 
4.3.1. Ultramafic rocks 
Ultramafic rocks of the Kalisagar Formation consist of talcose schist, komatiite, komatiitic 
basalt, and tuff. Most ultramafic rocks of the Kalisagar Formation are often altered and can be 
found as serpentinized to carbonatized talc-carbonate schists (Figure 4.4a). However, well-
preserved komatiite flows are observed in distinct localities, so far downstream of Kukurangi 
River. This study reports the first discovery of komatiite flows from the DGB. Komatiitic lavas 
mostly occur with distinctive flow texture, which is recognizable in the field with distinguishable 
chilled margins and well-preserved spinifex texture (Figure 4.7a-c). Komatiitic basalts are rare 
and are now preserved as tremolite-actinolite-chlorite schist with anastomosing foliation. In 






Figure 4.7.  a) Randomly oriented olivine spinifex texture in a komatiite flow exposed north of OMC reservoir. b) Elongate crystals giving rise to fan shaped-
radiating spinifex texture. c) Elongated platy olivine crystals in platy spinifex zone. 
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 layer, mostly massive, meso to melanocratic zone. The upper platy-bladed to random spinifex 
part is locally followed by a chilled topmost zone. The latter is mostly mixed with the base of 
another successive flow. 
The first komatiite locality is north of the Odisha Mining Corporation (OMC) reservoir (Figure 
4.2). This section preserves discontinuously exposed komatiitic flows along a 50 meters 
stretch of exposure. Of the several komatiitic flows, I studied one of the best-preserved 
komatiite lava flows, which is nearly 3 meters thick (Figure 4.7a). It shows a massive basal 
cumulate zone (~1.8m thick). This is followed by platy to bladed olivine spinifex layer (~ 1m 
thick), and marked by a ~15 cm thick random spinifex flow top. The top part of the flow could 
not be studied due to poor exposure.  
The second komatiite locality is exposed ~2 km north of the OMC reservoir, downstream along 
Kukurangi River (Figure 4.2), where another exposure of approximately 10 meters of komatiitic 
lava flows is preserved. One komatiite lava flow (nearly 1.5 meters thick) was studied out of 
the various flows in the area (Figure 4.7b-c). The base of this flow is massive yet altered to 
talc-serpentine in some places. This komatiite flow is marked by a well-developed coarse 
olivine bladed layer, which is roughly ~60cm thick, while the uppermost random spinifex zone 
(~50 cm thick) is characterised by skeletal olivine grains and identified by the presence of a 
chilled margin at the top that appears as a ‘fractured-flow top’. The random spinifex is mostly 
made up of small-sized haphazardly oriented olivine blades that lie parallel to each other while 
deeper in the flow the olivine blades are seen to form large blades that lie roughly 
perpendicular to the flow, and arranged in a downward-splaying pattern (Figure 4.7c). 
4.3.2. Petrographic description of komatiites of the lower -part of 
Kalisagar Formation 
Komatiites are described from the first locality, near OMC reservoir, where the basal cumulate 
part is presented here. Here, olivine-cumulates are found as layered coarse-grained olivine 
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and minor pyroxene rich rocks with a fine-grained groundmass, while secondary magnetite is 
observed to outline magmatic crystal boundaries. These cumulates contain equant, non-
skeletal pseudomorphs 0.5-2mm across in diameter (Figure 4.8a-d). Pseudomorphs of olivine 
are blocky to euhedral and up to 2.5 mm in diameter that usually constitute the dominant 
mineral phase in cumulates, within a talc + tremolite + serpentine groundmass (Figure 4.8a, 
c). Olivine phenocrysts are evenly distributed within a coarse-grained matrix containing finer 
olivine, and pyroxene needles (Figure 4.8a). These cumulate komatiitic rocks are now typically 
characterized by a mineral assemblage of serpentine + talc + chlorite + magnetite + actinolite 
+ tremolite ± calcite ± sericite (Figure 4.8a-a1). Glomeroporphyritic clusters 2-3 mm are made 
up of smaller olivine crystal pseudomorphs such as 0.3-0.5 mm in diameter, where the dark 
patches represent devitrified glass, the latter is now preserved as chlorite-tremolite 
groundmass (Figure 4.8a1, c). Rare olivine megacrysts can reach up to 3 mm in length (Figure 
4.8a, c). Olivine orthocumulate with interstitial orthopyroxene spinifex are found as splays and 
rosettes (Figure 4.8c).  
Olivine pseudomorphs are separated by interstitial feathery pyroxenes and surrounded by a 
fine chloritic, serpentinised groundmass, the latter likely representing altered volcanic glass 
(Figure 4.8d). Most olivine pseudomorphs are euhedral and packing of the crystals are usually 
close with a prominent interstitial groundmass, which is replaced after glass containing skeletal 
clinopyroxene microlites, while chromite occurs as fine-grained snowflake shaped 
assemblage (Figure 4.8b-d). Tremolite is often found in the groundmass, which is formed due 




Figure 4.8. a-d) Photomicrographs of cumulate-textured komatiites, Kalisagar Formation. a-a1) images 
are shown under plane-polarized light (left) with the same image under crossed-polarized light on the 
right. Thin section photomicrograph of basal cumulate layer showing alteration textures that consists of 
large olivine pseudomorphs (now altered to serpentine) set in a fine-grained groundmass of talc-
tremolite-magnetite (Mag). Olivine pseudomorphed (Ol-Pseu) by serpentine (Serp) with incipient 
tremolites (Tre) are being developed near the grain boundaries. Cumulate olivine replaced by 
serpentine (Serp) which is further replaced by talc (Tlc). b) Thin section scan of a cumulate komatiite, 
sample DM 31D. c) Glomeroporphyritic texture of clustered olivine crystals. Matrix is serpentine, 
amphibole and chlorite. d) Olivine orthocumulate with interstitial orthopyroxene spinifex as splays and 
rosettes. Matrix is serpentine, amphibole and chlorite. 
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The upper part of a spinifex-textured komatiite flow from the second komatiite locality was 
studied under the petrographic microscope and preserves long bladed olivine spinifex, which 
forms feather shaped-texture with former smaller olivine needles (i.e., now altered to 
serpentine) and former orthopyroxene (for example, altered to talc), magnetite-serpentine as 
groundmass (Figure 4.9a-e).  
 
Figure 4.9. a) Photomicrograph (x-polarized light with gypsum plate) that shows altered platy olivine 
(Ol) spinifex, mostly represented by talc and serpentine, interstitial magnetite (Mag), altered 
clinopyroxene-glass (Cpx-gl) now preserved as chlorite-tremolite (Tre). b) Thin section scan (DM 97B) 
that preserve former platy olivine up to 8 cm in length. c) Sample DM 97B, showing matrix rich in brown 
devitrified glass with serpentine, and chlorite (chl). d) Bladed olivine spinifex komatiite with former olivine 
and altered clinopyroxene-glass matrix, sample collected 50 cm below the top of the komatiite flow. e) 
Sample DM 97A, collected near top of the flow, which preserve olivine pseudomorph, magnetite and 




Olivine spinifex are observed as large random-olivine blades associated with finer parallel 
secondary olivine blades with altered clinopyroxene-former glass matrix, the latter now mostly 
altered into chlorite (Figure 4.9a, c). Orthopyroxene occurs as small (~0.1–0.3mm in 
diameter), euhedral crystals occasionally rimmed by augite. Pigeonites are small euhedral or 
bladed grains surrounded by augite margins (Figure 4.9a). Augite also occurs as small 
euhedral crystals. Euhedral chromites are less than 0.2 mm in diameter and present in the 
groundmass that are typically found as exsolution textures with long bladed spinifex that 
indicates accumulation of Fe along alteration fringes (Figure 4.9c). Chromite grains nucleated 
on bladed olivine and grow outwards along the margin of platy olivine blades into the interstitial 
liquid (Figure 4.9d). Orthopyroxene needles are now altered to talc, with abundant tremolite, 
chlorite, serpentinized olivine megacrysts (Figure 4.9e). 
4.3.3. Mafic volcanic rocks 
The second most abundant rock-type of the Kalisagar Formation is basalt, much of which is 
predominantly represented by pillowed to massive flows (Figure 4.10a). Massive flows locally 
preserve vesicles that are filled by secondary quartz and calcite (Figure 4.10b). Pillow basalts 
studied from most parts of the Kalisagar Formation show negligible size variations except for 
the top part. Almost all pillowed lavas of the Kalisagar Formation are affected by deformation 
and therefore, difficult to estimate their primary size. Due to deformation, pillows are seen to 
form flattened ovoid structures, (Figure 4.10c-d) but they do preserve pillow margin. The top 
part of the Kalisagar Formation is marked by the presence of small-sized pillowed lavas (refer 
to Figure 3A of Mukhopadhyay et al., 2008).  
Pillowed flow with pillows < 0.5 m across, close to the top of the Kalisagar Formation preserve 
large ‘ocelli’ texture but deformed locally (Figure 4.5b). ‘Ocelli’ are common features in pillow 
basalts of the Kalisagar Formation. One such basaltic unit is exposed near the upper contact 
with the Talpada Formation, which is approximately 150 meters thick and marked by massive 
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flows that exhibit remarkably well-preserved ocelli texture locally (Figure 4.10e) and are found 
to be intercalated with minor chert unit. 
 
Figure 4.10. a) Deformed pillow basalt in the Kalisagar Formation; way-up direction is to the top of the 
photo as the pillows are elongated perpendicular to the schistose country rock (Photo courtesy: A. 
Hofmann). b) Amygdaloidal basalt with secondary quartz and carbonate (Photo courtesy: A. Hofmann). 
c)-d) Silicified pillowed basalt, exposed at the base of the Kalisagar Formation. e) Massive basaltic flow 





Figure 4.11. a) Enlarged photograph of ocelli within pillowed basalt. (Photo courtesy: A. Hofmann). b) 
Stretched pillow basalt at the base of the Kalisagar Formation with leucocratic domains mostly 
representing ocelli that are foliated parallel to S1 fabric (Note: Flattened ocelli here show S1 and S2 
fabric within spaced cleaved domains). 
 
Ocelli are ovoid to spherical features, and locally form clusters of ocelli. Larger ocelli are 
typically ≥ 8 cm in diameter with smaller ocelli ranging between 1–2cm in diameter (Figure 
10e). These are found in massive to pillowed basalt (Figure 4.11a). Additionally, in foliated 
basalts, these are found to form stretched features (Figure 4.11b).  
Ocelli are usually seen at the center of a pillow but rarely towards the outer margins. Towards 
the center of a pillow, numerous ocelli coalesce to form an interior with a predominantly felsic 
composition. Ocelli generally forms the leucocratic part, which otherwise represent the 
immiscible felsic portion (e.g., calc-alkaline dacitic in composition) of the magma, whereas the 
groundmass being melanocratic and basaltic (i.e., mostly tholeiitic; Appel et al., 2009; Sandsta 
et al., 2011; Fowler et al., 1987a; Fowler et al., 2002). In contrast to preserved pillowed lavas, 
basaltic rocks of the Kalisagar Formation are also represented by chlorite schists that are 
frequently found as carbonated and/or silicified mafic rocks in the field (Figure 4.4b). Chlorite 
schists of the Kalisagar Formation mainly occur towards the base and found to form a 
prominent lithology together with sub-ordinate talcose schists along the Baliparbat area 




4.3.4. Petrographic description of chlorite schists  
Chlorite schists are greenish-grey coloured rocks and mainly consist of equigranular to 
elongated chlorite with diagnostic pale green-pleochroism. These rocks preserve epidote, and 
sub-ordinate presence of recrystallized quartz grains, carbonate, Fe-oxides, rutile as 
accessory mineral assemblage (Figure 4.12a-b). There is no visible discordant relationship 
between predominantly chlorite and the compositional banding made up of micro-quartz, 
rutile, Fe-oxides with sub-ordinate chlorite, which indicates that chlorite in these rocks was 
formed during the D1 phase of deformation in the DGB (Figure 4.12b).  
 
Figure 4.12. Selected photomicrographs of Daitari basalts. a) Deformed basalt DM 41A, shown under 
cross polars made-up largely of chlorite (Chl), epidote, micro-quartz (Qtz), magnetite (Mag) and minor 
Fe-oxides. b) Chlorite (Chl), magnetite (Mag) and quartz (Qtz) are seen to form schistosity, and oriented 
along S1 fabric. 
 
4.3.5. Sedimentary rocks 
Apart from the widespread occurrence of sub-marine mafic-ultramafic volcanic rocks of the 
Kalisagar Formation, sub-ordinate sedimentary rocks that characterize major break during 
volcanic eruptions are mostly reported here as green chert, laminated black chert and minor 
silicified shale. Two sections studied in detail are presented here from the Kalisagar Formation 
to understand the spatial relationship with the various lithologies exposed in the area. The first 
locality studied is shown in the geological map as the ‘Intrusive granitoid locality’ and further 
illustrated in stratigraphic section (IGL, see Figure 4.13). Base of the sequence (~2m) is made 
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of dark-grey, foliated, silicified ultramafic tuff with lenses of quartz and carbonate, followed by 
a discontinuous laminated black chert (~0.3m).  
 
Figure 4.13. Detailed stratigraphic section from the Kalisagar Formations in exposures from the 
northern part of the DGB, along the Kukurangi River. Stratigraphic section IGL-1. a) Intercalated olive-
green chert with translucent chert and carbonate layer. b) Mafic tuff highly carbonated in contact with 
thin banded chert. c) Silicified/carbonated mafic tuff layer, which probably represent reworked mafic-
ultramafic ash derived fall-deposits in sub-aquatic settings (Note: The carbonated domains show brown 
staining). d) Highly carbonated mafic-tuff. (Photo courtesy: A. Hofmann). To the right, detailed 
stratigraphic column of the intrusive granitoid locality (IGL-1). Intercalated olive-green chert with 
translucent chert and weathered-out/altered carbonate layer. This sequence is intruded by granitoid 
and marked here in stippled white line towards the bottom of the photograph. (Photo courtesy: A. 
Hofmann; Note-IGL-1, height in meters). 
 
Thereafter, it is overlain by a crystalline massive carbonate rock, which is roughly 1.2 to 0.5m 
thick and shows indistinct lenticular layering. It is made of carbonate crystals (0.5 mm) and 
associated with anastomosing fuchsite, and quartz veins that are restricted to the carbonate 
layer. This is followed by another 3m thick unit of foliated ultramafic tuff, with some domains 
showing thick laminations, discontinuous laminae and abundant fine-scale carbonate replaced 
patches. It is marked by a transitional contact with the overlying weathered lensoidal carbonate 
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layer (~0.3m thick) that in-turn is transected by white chert veins. Moreover, carbonate crystals 
nearly 1mm in size are oriented parallel to this layer. This sequence is overlain by a bedded 
chert, which preserves carbonate rich bands (~10cm thick) followed by ~50cm thick bedded 
chert with minor olive-green chert and subordinate carbonate lenses. This particular suite of 
altered/silicified ultramafic rock, bedded chert and minor carbonate is found to be intruded by 
a ~20cm thick granitoid dyke. Subsequently, an intercalated layer (~25 cm thick) of laminated 
chert with carbonate is observed to be in sharp contact with fuchsitic-olive green chert and 
overlain by a wavy-undulated bedded chert unit (~25cm thick), with sub-ordinate carbonate 
lenses (see Figure 4.13). 
The second section logged in detail is approximately 2km north of the OMC reservoir, which 
is shown in the geological map as ‘Waterfall locality’ (Figure 4.2) exposed downstream of the 
Kukurangi River and demonstrated in the stratigraphic section (WFL, Figure 4.14). Despite 
the deformation experienced in the northern part of the greenstone belt, at places it preserves 
representative portions of the various lithologies that will be discussed from the different 
geologic formations of the DGB and thereby forms a part of this study. The ‘Waterfall locality’ 
is the best-preserved section in the northern part of the greenstone sequence to identify 
primary magmatic and sedimentary features to compare and evaluate the different lithologies 
from the Kalisagar, Talpada, Sindurimundi and Tomka formations combined (Figure 4.14a-d). 
This part of the volcano-sedimentary strata of the DGB is also affected by a regional E-W 
trending Rebana fault and will be discussed in sub-section 4.10 in detail. The studied section 
(~100m thick), at the base is primarily made of interlayered chlorite schists, vesicular basalts, 
and agglomerates that constitutes rock assemblages of the Kalisagar and Talpada formations 
respectively (Figure 4.14c, d). Whereas the clastic sedimentary rocks (e.g., silicified 




Figure 4.14. Detailed stratigraphic section of the Waterfall locality (WFL). Note- Vertical height in 
meters. a) Boudinage in banded iron formation. B) Green chert made of sand-sized ash particles. c) 




A volcaniclastic derived sandstone from this particular unit was dated in this study that forms 
part of the Sindurimundi Formation, while the geochronology of this volcaniclastic derived 
sandstone will be discussed in Chapter 7. Intercalation of chlorite schists with various bedded 
chert facies are common up-section. Where olive-green chert (i.e., silicified mafic ash material) 
forms the dominant chert variant in the area, interbedded with altered volcanic rocks (e.g., 
mafic schist, agglomerate). Followed by these are silicified clastic rocks and orthochemical 
sedimentary rocks such as green chert (Figure 4.14b), bedded chert and banded Iron 
Formation (BIF; Figure 4.14a) respectively make-up the Tomka Formation, this will be 
discussed in section 4.6. Another important lithology is banded black-and-white chert, which 
is found upwards in the stratigraphy. 
4.3.6. Cross-bedded ultramafic ash 
Clastic sedimentary rocks, greenish-grey in color that preserve current-ripple laminations 
associated with mafic-ultramafic schists are exposed north-east of the OMC reservoir along a 
stream-bed section. This cross-laminated unit is defined by reworked sand-size ash (Figure 
4.15a) within fine-grained matrix of sericite, talc, tremolite, actinolite, glass shards (now altered 
to chlorite) and microcrystalline quartz, which collectively indicate an ultramafic to mafic source 
composition of this rock.  
4.3.7. Green chert, grey translucent chert and laminated black chert  
Green chert mostly consists of fine-grained silicified volcanic ash of ultramafic composition 
and represents interflow sedimentary units within the Kalisagar Formation. Locally they show 
excellent preservation of medium to coarse-grained lapilli embedded in microcrystalline quartz 
that is considered to form by silicification of fine-grained ash or silica cement. The former is 
preserved as normally graded layers (Figure 4.14b). Frequently, green chert also occurs as 
massive to laminated units of chert rich in Cr-mica (i.e., fuchsite; Figure 4.15b). There are 
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numerous thin interlayered green chert units that range in thickness from ≤1m to 3m in places 
within the Kalisagar Formation and interbedded with massive to laminated black chert.  
 
Figure 4.15. a) Cross-laminated clastic sedimentary rock that is represented by ultramafic ash, 
suggestive of reworking in shallow-aquatic settings probably above wave-base. b) Massive green chert 
with translucent secondary chert veinlets. c) Cross-bedding preserved in translucent chert with foresets 
made of reworked sand-size carbonaceous matter. 
 
On the other hand, grey translucent chert, forms minor chert horizon associated with green 
chert and laminated black chert. It is dominantly made up of microcrystalline quartz, sand-size 
carbonaceous matter, and minor silicified ash. Carbonaceous matter in this chert facies forms 
ripple laminations or planar laminated beds (Figure 4.15c). These primary sedimentary 
structures in the DGB are rare and only found near the Dhalkisai village, Waterfall locality, and 
Ponga hill locality (see Figure 4.2). 
Laminated black chert (LBC) within the Kalisagar sequence is often found to be interbedded 
with green chert. It consists of finely laminated, alternate bands of dark grey-banded chert of 
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silicified volcanic ash with trace carbonaceous matter and structureless to finely laminated 
carbonaceous chert layers (Figure 4.16a-b). Laminated black chert preserves rhythmic dark-
grey laminations ranging in thickness from about 0.1 cm to >0.5 cm (Figure 4.16a-b). Apart 
from planar laminated beds, the laminated black chert facies do not show any other primary 
sedimentary structures. The top of the Kalisagar Formation is capped by an interbedded green 
and laminated black chert nearly 5m thick. The total thickness of these chert horizons range 
between 5m to 7m on average and can be found to form discontinuous units laterally, which 
is due to poor outcrop conditions and/or lack of sufficient mapping in the area. 
4.3.8. Silicified shale 
A minor clastic sedimentary unit is represented by grey shale, interbedded with green chert 
that can be found towards the upper part of the Kalisagar Formation. This shale unit is 
associated with the basaltic sequence upwards in the stratigraphy, along the road-cut section 
to Daitari mine township (refer Figure 4.3 and 4.2). It is highly silicified, and often contains 
minor disseminated sulfides such as pyrite, or Ni-Cu sulfide and so far, is the only shale 
horizon reported from the Kalisagar Formation. 
 
Figure 4.16. a) Finely laminated silicified ash band (indicated by white stippled line towards the left), 
with carbonaceous rich alternating dark chert micro-meso bands on the right of the photograph. b) 
Laminated black chert intersected by cross-cutting stockwork of vein quartz. c) Highly sheared 
laminated black chert affected by quartz veinlets, the latter are found to be stratiform and cross-cutting, 
in-turn are deformed and boudinage with the S1 tectonic fabric. 
84 
 
4.3.9. Kalisagar Formation-Interpretation 
Followed by widespread ultramafic magmatism, which in places, could have occurred on a 
relatively low relief volcanic surface with no evidence of hyaloclastites. Later eruptive phases 
were marked by the wide extent of tholeiitic basalts as indicated by the presence of ocelli 
bearing pillow basalts. The latter is suggestive of sub-aquatic settings. A definite stratigraphic 
placement of the various pillowed units within a well-illustrated stratigraphy was lacking so far.  
Another interesting and common phenomenon recorded from the volcano-sedimentary strata 
of the Kalisagar Formation in this study is the association of altered volcanic rocks with thin 
bedded chert horizons (see Figure 4.6b). Cherts are typically underlain by highly altered 
volcanic rocks and provide evidence for active silicification processes close to the 
paleoseafloor. The former acted as capping chert horizon for ascending hydrothermal fluids 
upwards and resulted in hydraulic fracturing of the volcanic and associated silicified rocks (cf. 
Hofmann and Bolhar, 2007; Ledevin et al., 2015).  
The >3.51 Ga Kalisagar Formation commonly preserves altered volcanic pile that is capped 
by thin chert units. These cherts most likely represent a considerable time interval, indicating 
a condensed stratigraphic section and are almost identical to those reported from younger 
volcano-sedimentary sequences such as Kromberg, Hooggenoeg and Mendon formations of 
the Onverwacht Group, BGB (Hofmann and Harris, 2008; Byerly et al., 2019). In contrast to 
the Kalisagar Formation, the ultramafic-mafic volcanic suite of the Komati Formation, BGB is 
not associated with cherts or shales, which otherwise indicate a prolonged phase of 
continuous eruption without any recognizable volcanic hiatus (Dann and Grove, 2007).  
Primary sedimentary features such as cross-bedding, current structures, normally graded 
beds of fall-deposited layer of lapilli and ash, suggest sub-marine deposition. In this case, 
lapilli-ash material and carbonaceous matter got deposited occasionally under current-active 
setting in an otherwise quiet water condition. The presence of silicified lapilli in green chert 
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unit showing normally graded beds are definite indicators of their deposition under marine 
setting.  
As reported in this study, well-preserved primary sedimentary features such as ripple-
lamination and graded-bedding can be found in the green chert facies with medium to fine-
grained volcanic material, and furthermore ash fall particles were reworked by local prevailing 
wave action (cf. Stiegler et al., 2012). These rare sedimentary structures are used as younging 
indicators in the field. Otherwise, planar laminated silicified clastic units such as green chert, 
laminated black chert can be interpreted as allochthonous distal-ash fall out sedimentation 
periods that resulted during explosive komatiitic volcanism, and deposition took place upon 
submerged komatiitic platform.  
LBC occur mostly as minor interlayered chemical sedimentary units, during intermittent 
phases of extrusive submarine volcanic eruptions, with a maximum thickness of nearly 3-5m. 
These carbonaceous rich chert (i.e., granular chert) reflect deposition of reworked mafic-
ultramafic volcanic rock and suspended carbonaceous matter (e.g., (hemi)pelagic organic 
remains) together with minor airfall dust through the water column. Granular chert make-up a 
dominant chert facies of the Kalisagar Formation. Both (i.e., volcaniclastic material and 
carbonaceous matter) are silicified and embedded within silica cement as revealed from their 
petrographic characteristics. Their geochemical composition is discussed in Chapter 6 and 
petrographic description in Chapter 8. Similar bedded chert units from the Barberton 
Greenstone Belt (BGB) are considered as silicified equivalents of shales/greywackes, 
whereby silicification took place close to sediment-water interface (Hofmann, 2005; Hofmann 
et al., 2011). Overall deep-to rare shallow-marine conditions suggest interplay between 
volcanic upbuilding and (tectonic) subsidence during the Palaeoarchaean in the Daitari belt, 
where widespread mafic-ultramafic volcanic pile of lavas formed a stable oceanic platform for 




4.4. Talpada Formation  
The Talpada Formation comprises a c. 1500 meters thick succession of felsic pyroclastic rocks 
(Figure 4.3). It marks an extrusive to explosive phase of volcanism in the Daitari belt. The best 
exposed sections are near Daitari township, and along a streambed section north of the OMC 
mine guest house (Figure 4.2). The Talpada Formation consists of dacitic to rhyodacitic 
pyroclastic breccia, agglomerate with tuffaceous rocks, and minor interlayered chert units.  
4.4.1. Dacites 
Dacites of the DGB, so far have been classified as pyroclastic flows that often preserve 
primary porphyritic to glomeroporphyritic igneous texture (Mukhopadhyay et al., 2012). In this 
study, the base of the Talpada Formation is noted to be in direct sharp and conformable 
contact with ~5m thick interbedded green and laminated black chert of the Kalisagar 
Formation. The upper contact with the Sindurimundi Formation is not preserved but inferred 
to be erosional (to be discussed in section 4.5).  
The first studied section of the Talpada Formation is exposed at the ‘Waterfall locality’ (Figure 
4.2). Field study from the northern part of the DGB indicates the presence of agglomerates 
with strained, flattened bombs (i.e., ~ 40cm in length) and lapilli embedded in a medium-
grained groundmass. This is best exposed along the Kukurangi River and represents the 
folded northern limb of the Talpada anticline (Figure 4.17a). Grading in this unit could not be 
determined due to the deformation in the area. Often, felsic volcaniclastic rocks of the Talpada 
Formation in this locality form foliated rocks  
Another preserved sequence of felsic volcaniclastics rocks was investigated near the OMC 
mine guest-house (Figure 4.2). Here the pyroclastic flows are represented by well-preserved 
clast supported pyroclasts (i.e., blocks, and bombs) set in a lapilli-ash matrix, whereby both 
former and latter are compositionally similar (Figure 4.17b-d). Agglomerate with randomly 




Figure 4.17. a) Deformed felsic-volcaniclastic rock exposed near Waterfall locality (Note-Layer parallel 
strained and stretched agglomerate clasts that show S1/S0 parallel fabric). b) Outcrop of coarse felsic 
volcaniclastic rock that preserves cobble to pebble size clasts of dacitic origin that are embedded in a 
medium-fine grained tuffaceous matrix with no visible grading. c) Undeformed angular volcaniclastic 
rock exposed nearby the OMC guest house. d) Pyroclasts embedded in a fine-tuffaceous chloritic matrix 
at the base of the Talpada Formation (Note-Visible S0 is parallel to S1). e) Medium grained quartz-




Furthermore, pyroclastic breccia (i.e., with less than 25 % of lapilli and ash) are clearly visible 
near OMC mine guest house and Daitari township (Figure 4.2). It is found to be better 
preserved due to the low strain in the area (Figure 4.17c). This pyroclastic breccia unit hosts 
poorly sorted bombs that could range upto ~0.5 m in diameter (Figure 4.17c). They are variably 
silicified and carbonated. In another exposed section, slightly north of Daitari township (Figure 
4.2), a pyroclastic unit is represented by the presence of stretched bombs (Figure 4.17d). 
Otherwise, pyroclastic breccia, and agglomerate preserve coarser pyroclastic fragments that 
are angular to sub-angular. They contain abundant plagioclase phenocrysts, now albite and 
rare clinopyroxene phenocrysts set in a fine-grained groundmass of feldspar microlites, 
quartz, chlorite and sericite with secondary carbonate minerals (Figure 4.17e).  
A third locality is ~1.5 km west of the OMC guest house (refer Figure 4.2), where the 
pyroclastic rocks are marked by massive flows. The preserved base of this unit is 
characterized by slightly deformed pyroclastic rocks (Figure 4.18a). This unit farther 3 km west 
of the OMC guest house is marked by less deformed agglomerates that are made up of clast-
supported bombs (Figure 4.18b). Pyroclastic rocks here are composed of equant to elongate 
clasts, whereas the matrix is poorly to moderately sorted, coarse-grained sand, which is mostly 
made up of blocky, microporphyritic to aphanitic pyroclastic fragments (Figure 4.18c).  
Many felsic volcaniclastic rocks of the Talpada Formation are found as foliated quartz-sericite 
schist that are well exposed along stream sections near Daitari township, Waterfall locality 
and south of the OMC guest house (Figure 4.2). The top part of the Talpada Formation is 
poorly exposed, but ~1.5 km further south of the OMC guest house (Figure 4.2), it is found to 
be marked by the presence of silicified felsic schists (Figure 4.19a) that are cross-cut by chert 





Figure 4.18. a) Pyroclasts embedded in a fine-tuffaceous chloritic matrix at the base of the Talpada 
Formation (Note: Visible S1, and stretched clasts with fine-matrix show a lineation fabric defined by L1 
tectonite). b) Coarse felsic-volcaniclastic rock (agglomerate). Note: Unstrained nature of bombs that 
show sub-angular to sub-rounded clasts. c) Angular to sub-angular pyroclasts embedded within a 





Figure 4.19. a) Felsic sericite schist that in turn is crosscut by chert veins. b) Polished slab of finely 
laminated black chert (DM 8B). Note: Small scale fault marked in the photograph by a white stippled 
line. 
 
4.4.2. Petrographic description of quartz-plagioclase-sericite schists 
The felsic volcanic rocks mainly consist of quartz (50 vol. %), altered plagioclase (40 vol. %) 
and sericite (10 vol. %), minor chlorite, accessory zircon, rutile and Fe-oxides (Figure 4.19a-
c). Often quartz phenocrysts are ≥200 µm in size, mostly idiomorphic, anhedral, sub-angular 
to embayed in nature and show undulose extinction (Figure 4.20a-b).  The quartz-plagioclase 
rich rock is segregated into quartz-rich domains and sericite-rich domains that are parallel to 
the schistosity (Figure 4.20b). Na-rich feldspar phenocrysts (i.e., ≥1-2 mm in size; albite–
oligoclase) are oriented haphazardly within chlorite-sericite-quartz matrix, the former is mostly 





Figure 4.20. (a-c). Selected photomicrographs of felsic volcaniclastic rocks. a) Cross-polarized light 
photomicrograph of plagioclase-sericite schist (DM 7), which is composed of altered feldspar 
phenocryst, quartz-sericite, polycrystalline aggregate of quartz, and accessory minerals such as rutile, 
magnetite. b) Cross-polarized light photomicrograph of quartz–feldspar phenocryst within fine 
groundmass of microcrystalline quartz, sericite. c) Plane-polarized light photomicrograph showing 
tabular lath shaped plagioclase phenocrysts within chlorite-sericite matrix. 
 
4.4.3. Laminated chert 
The Talpada Formation consists of interstratified bedded carbonaceous chert units and felsic 
volcaniclastic rocks. I studied a well-exposed chert horizon near OMC guest house (Figure 
4.19b). This unit is highly silicified and marked by a discontinuous bedded chert. It is 
represented by a thin basal dark grey-green chert that is nearly ~0.5 m thick (i.e., represent 
silicified volcanic material), which is followed by structureless to finely laminated black chert 
as thick as 4.5 m (refer Figure 4.19b, hand specimen sample). Extensive vegetation, and 
forest cover, has hampered an understanding on overall lateral continuity of this chert unit. 
Further detailed field investigations will provide better constraints on the lateral extent of this 
chert, which could be potentially used as a marker horizon. For detailed petrographic 
description (see Chapter 8). 
4.4.4. Talpada Formation-Interpretation 
Previous study by Mukhopadhyay et al. (2012) reported pyroclastic flows from the DGB, 
comprising largely of monomictic clasts that are compositionally similar to the groundmass. 
These authors reported five cycles of monomictic massive coarse- to planar-laminated tuff 
beds with an overall fining upward sequence. Followed by an agglomerate cycle with basal 
surge flow deposits, which is characterised by cross-laminated strata overlain by thick massive 
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agglomerate beds. This cycle is followed by planar laminated monomitic tuff and heterolithic 
facies (Tab division of Bouma) comprising normally graded, ash-tuff beds  
Mukhopadhyay et al (2012) characterized dacitic lava flows of the DGB by non-vesiculated 
nature, tabular sheet-geometry suggesting less viscous magma eruption under deep-water 
conditions. Furthermore, they advocated for non-explosive and sub-aqueous conditions of 
eruption based on the absence of autoclastic blocks, bombs, accretionary lapilli etc. They 
interpreted the dacitic flows to be welded in nature. Subsequently, the planar laminated flows 
represent evolved flow transformation probably produced by high-energy pyroclastic surge. 
These authors noted the presence of nine eruption cycles with an overall fining upward 
sequence from proximal or less evolved part to pyroclastic basal surge deposits, the latter 
represents more evolved end members. In conclusion, Mukhopadhyay et al (2012) proposed 
a depositional setting for the pyroclastic rocks, where these authors proposed an initial flow, 
which was recorded a suppressed-volatile deep-water lava. This later evolved with flow 
transformation and further deposition took place under low-height sub-aqueous volcanic 
chain. Whereas the upper part of the sequence was marked by eruption under shallower-
depth with high-eruption columns. 
In this study, I noted that felsic volcaniclastic rocks of the Talpada Formation largely consists 
of dacites-rhyodacites interbedded with thin silicified sedimentary units (e.g., minor green 
chert and laminated black chert). The association of thinly interflow chert unit suggests 
deposition of airfall dust, ash and reworked volcaniclastic debris together with carbonaceous 
matter under sub-aqueous environment, which further indicates a major break during felsic 
magmatism of the Talpada Formation.  
Volcaniclastic rocks near OMC mine guest-house (Figure 4.2) of the Talpada Formation are 
high-concentration pyroclastic flows formed following collapse of eruption columns (e.g., 
Fisher, 1971). It may represent deposition under subaqueous conditions as there are no 
vesiculation observed here (cf. Yamada, 1984). This is also supported by the association of 
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interstratified laminated black chert (~5-6 m thick). Although in this case, the possibility of a 
subaerially generated pyroclastic flow later transgressing into deep water setting cannot be 
fully excluded. As the basal part of the Talpada Formation is not well-exposed near the Daitari 
township, therefore it is difficult to draw any such conclusion. Outcrops exposed along 
Baliparbat (see Figure 4.2), close to the Odisha Mining Corporation office locality (refer Figure 
4.2), show the presence of highly altered felsic volcanic rocks directly in contact with 
underlying capping chert of the Kalisagar Formation. In addition, presence of blocky, 
autoclastic and pyroclastic flows represent deposition on the flanks of subaqueous volcanoes 
(e.g., DiMarco and Lowe, 1989a, b). 
The top of the Talpada Formation is marked by highly silicified and altered felsic volcanic 
rocks, which are intersected by several cross-cutting black vein chert indicating a phase of 
hydraulic fracturing due to diffuse up-flow of low-temperature hydrothermal fluids. This took 
place contemporaneously during silicification of the volcaniclastic sediments and reported 
elsewhere from BGB and NGB (cf. Hofmann and Bolhar, 2007; Hofmann, 2011).  
4.5. Sindurimundi Formation 
Apart from reports of basal surge flow deposits by Mukhopadhyay et al. (2012) , no detailed 
sedimentological study has been conducted on the clastic rocks of the DGB, which makes-up 
a significant package of sedimentary suite in the area. The Sindurimundi Formation (c. 500 
meters thick) is characterized by turbidity current deposits. This turbidite sequence is 
predominantly represented by felsic volcaniclastic derived debris and chert clasts from the 
Talpada Formation underneath. The contact is poorly exposed and not observed in the field 
but is likely erosional., The erosional contact relationship is evident from the significant 
proportion of felsic volcanic detritus entrained within the Sindurimundi conglomerates. The 
upper contact with the Tomka Formation is widely observed as sharp and conformable near 
the Sindurimundi peak with the turbiditic shales of the Sindurimundi Formation, which in turn 




Figure 4.21 Simplified stratigraphic sections from the Sindurimundi Formation exposed along a stream, 
south of Talpada valley (Note: Height in meters). Stratigraphic sections TS-1, TS-1a and TS-1b showing 
detailed versions of the turbidite sequence of the Sindurimundi Formation. a) Inverse to normally graded 
conglomerate b) Planar bedded sandstone (Tb). c) Tabular cross-bedded sandstone. d) Laminated 
shale (Te divison of Bouma), representing suspension sedimentation of hemipelagic carbonaceous 
material that deposited through the water column. 
 
The preserved clastic sedimentary rocks of the Sindurimundi succession are characterized by 
boulder-cobble conglomerate, sandstone/greywacke, siltstone, and finely laminated shale, 
which collectively form graded beds (Figure 4.21a-d). A stream section was logged (TS-1, and 
1a, 1b, 1c respectively) roughly 1.5 km south of the Talpada valley (see Figure 4.2), and 
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referred in this study as ‘Talpada stream section’ (see geological map, Figure 4.2). Nearly 
120m of the studied turbidite section (Figure 4.21, TS-1) is largely made of altered components 
(e.g., silicified to carbonated tuffaceous host rock fragments) with minor chert material at the 
base but grades into dominant chert derived detritus. In other words, influx of reworked 
volcanic rock of the underlying Talpada Formation decreases higher up in the stratigraphy.  
4.5.1. Conglomerate  
The turbidite conglomerate or dacite-clast conglomerate unconformably overlies the felsic 
volcaniclastic rocks of the Talpada Formation. This clast-supported conglomerate is 
intercalated with minor sandstone (Ta division of Bouma) although because of discontinuous 
exposures. The best-preserved exposures are along a stream section south of the Talpada 
valley (TS-1, Figure 4.21), which wedges out to the east nearby Daitari mine. This well-
exposed section provides with a minimum thickness of ~15 m for the conglomerates, (Figure 
4.21a). This conglomerate is interbedded with coarse-grained sandstone (Ta, ~1 m thick), the 
latter is mostly massive to normally graded (Figure 4.21b). This basal division is characterised 
by a polymictic, clast-supported, boulder-cobble conglomerate. Where clasts of varying size 
(ca. 10-40 cm in diameter and ranging upto 60 cm long) make up nearly 50-60% of the rock 
are observed. Predominantly clasts are seen to be ranging from silicified dacitic (e.g., which 
make-up the most abundant framework component), alongwith negligible black chert, green 
chert, tremolite-chlorite schist. This conglomerate is devoid of any granitoid/TTG clast (Figure 
4.21a). Bedding plane is preserved in alternating layers of coarse conglomerate and medium- 
to coarse-grained sandstone. Erosional features are not visible in the outcrop.  
Furthermore, another bedded conglomerate horizon upwards in this turbidite succession is 
composed of sub-rounded to rounded pebbles of green chert, black chert, and comparatively 
less felsic volcanic detritus within a medium-grained cherty matrix, minor carbonate, chlorite 
and lithic fragments. This conglomerate sequence is marked by the presence of cross-cutting 
black chert veins. 
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Upwards in the stratigraphy, a cobble-pebble conglomerate, inverse to normally graded, is 
marked by associated graded units (i.e., sandstones and shales, Figure 4.22a). Here, stratified 
tuffaceous sandstone occurs as minor interbedded units with siltstone, the former is up to ≥2m 
thick (Figure 4.22a). Clasts of felsic volcanic origin (<40 cm in diameter) with abundance of 
chert pebbles (i.e., chert clasts ≥5 cm in diameter and nearly 5-15 cm across) are common. 
This conglomerate is poorly to moderately sorted, with sub-angular to sub-rounded clasts 
embedded within a coarse sand-size matrix of reworked felsic volcanic material and fine-
grained matrix such as sericite, chlorite, carbonate and minor cherty material (Figure 4.22a).  
 
Figure 4.22. Inverse to normally graded turbiditic conglomerate upsection in contact with structureless 
sandstone (shown here in stippled red line towards lower right of the photograph). Photo courtesy: A. 
Hofmann. b) Clasts of varying composition and source (e.g., silicified dacite, black chert and translucent 
chert). Note: Black chert clasts indicated by white arrow at the center of the photograph, while a silicified 
dacite clast is shown by a white arrow to the left of the photograph. Photo courtesy: A. Hofmann.  
 
Imbrication is moderately developed. On weathered surface, one can easily distinguish the 
various clasts such as silicified felsic volcaniclastic, and minor basalt (?) (Figure 4.22b). 
Otherwise, sub-angular to sub-rounded, black chert and green chert clasts are also easily 
distinguished owing to their resistance in response to weathering. The study of this 
conglomerate unit was hampered due to discontinuous exposures along the stream section. 
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Another turbidity current deposit north-west of the Dhalkisai village and nearly 1km south of 
the OMC reservoir, is represented by a thin chert-pebble conglomerate, mostly embedded 
within a silicified, reworked coarse-volcanic detritus matrix comprising largely tuffaceous 
material (Figure 4.23a-b). Most clasts are sub-rounded, mean diameter between 5-10 cm with 
poorly sorted lithic matrix. Compositionally the clasts vary from green, black, and grey chert to 
silicified volcaniclastic and weathered out pebbles of possibly poorly silicified volcaniclastic 
and carbonaceous chert clast (Figure 4.23b). Lateral continuity and thickness of the individual 
beds are variable and often encountered as discontinuous exposures in the field.  
 
Figure 4.23. a) Weathered conglomerate exposed NW of Dhalkisai village that mostly represent 
silicified felsic clasts and chert clasts (marked by black arrow). b) Chert-pebble conglomerate that 
comprise rounded to sub-rounded chert pebbles. Note: White arrow indicating silicified shale clasts. 
 
4.5.2. Sandstone and greywacke 
The graded beds of the Sindurimundi turbidite package are characterized by interbedded 
medium-grained sandstone, minor coarse-grained greywacke, shale and chert towards the 
top (Figure 4.24a-b). Occasionally, planar laminated to tabular bedded sandstone of normally 




Figure 4.24. Detailed stratigraphic section (Ts-1c) from the upper portion of the Sindurimundi 
Formation. a) Graded bed represented by sandstone, siltstone and shale towards top of the stratigraphy 
(Note: White stippled line representing structureless sandstone (Tb) in sharp contact with Td, Te divisions 
of finely laminated siltstone and shale, representing suspension fall-out sediment towards the right of 
the photomicrograph). b) Silicified mud clasts suggesting reworking and transportation occasionally due 
to local scouring and traction sedimentation. c) Top part of Sindurimundi Formation exposures along a 
streambed section, which is in contact with lower part of the Tomka Formation. Evenly laminated iron-




The sandstone (Tb division of Bouma) at the base of the turbidite succession consists of grit 
to granule-sized particles, which is found to be structureless to normally graded (~1 m thick), 
often interstratified with siltstone-thin shale strata (Tcd divisions of Bouma) reaching up to 5-
7cm in thickness (Figure 4.24a). But overall shows a gradual fining upward trend. The 
sandstone units comprise grey to dark grey rocks that are predominantly made of volcanic 
quartz, feldspar, with a matrix rich in phyllosilicates such as muscovite or sericite, chlorite, and 
abundant medium-grained carbonaceous material (see Chapter 7 for detailed description).  
One uncommon, intercalated sandstone unit (nearly ≤ 10 meters thick) with minor siltstone, is 
dominantly massive, structureless to tabular cross-bedded (see Figure 4.25a). Upwards in the 
stratigraphy sandstone beds are marked by more fine-grained, evenly laminated strata, which 
are made up of sub-angular to sub-rounded volcanic quartz set in a minor groundmass of 
microcrystalline quartz, mica, and chlorite. Subsequent silicification led to excellent 
preservation of felsic volcaniclastic material that can be inferred from the grain shape and 
internal structure, sorting and packing (Figure 4.24a).  
I studied a graded unit on the way to the OMC Iron Ore Mine, which is characterized by white-
grey coloured cross-sets of hydraulically segregated coarse- to medium-grained sandstone. 
Followed by reworked fine-grained tuffaceous detritus (i.e., volcanic material from the 
underlying Talpada Formation) are found to be draped by carbonaceous mud. It shows flat 
laminations at the top, and occasional iron-oxide staining (Figure 4.25b). More significantly, 
the presence of climbing ripple laminations (Tcd), which are often draped with fine-grained 
dark-grey mud rich layers (i.e., Bouma Te division) from this unit may indicate current 
reworking phase (Figure 4.25b). White streaks of coarse-grained zones represent 




Figure 4.25. a) Tabular cross-bedded sandstone b) Polished slab showing finely laminated siltstone to 
sandstone, probably reworked dacitic tuff that show iron-oxide stain and mud drape features. c) Graded 
bed comprising siltstone and shale exposed in the stream section south of Talpada valley. d) Steeply 
dipping graded beds of the Sindurimundi Formation commonly observed west of Talpada valley. Note: 
White arrow indicates normal grading. e) Enlarged photograph of a typical graded bed. Note: White 
arrow showing normally graded sandstone to shale. 
 
Greywacke (1-4 m thick) is represented by massive clastic rock with abundance of mud-chip 
detritus (approximately 0.5-3 cm in length) representing reworked lithified clasts of shale/chert 
(Figure 4.24b). These lithic clasts are embedded in a coarse-sand with abundant 
phyllosilicates such as muscovite, sericite, minor chlorite, and zircon found as accessory 
minerals. Locally, greywacke is closely associated with shale (Te division of Bouma) and 
interbedded cherty units (~1.5-3 m thick). Mud-chips found within the greywackes are most 
likely derived from the underlying shale. These greywackes (refer to Chapter 7 for petrographic 
description) form minor discontinuous layers within the overall graded sedimentation package. 
Furthermore, greywackes dominantly consist of two end members types: a) the first type is a 
pebble clast greywacke, which comprises predominantly slate/chert clasts, where these clasts 
are set within a medium-grained sandy matrix; and b) the second type is mostly represented 
by intercalation of coarse- to medium-grained greywacke with negligible slate clasts.  
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4.5.3. Shale  
Fine-grained siliciclastic sedimentary rocks of the Sindurimundi Formation are represented by 
shales, which form homogenous successions with intercalated graded beds (i.e., siltstone). 
Often planar laminated shale (Te division of Bouma) is seen to be intercalated with sandstone 
and siltstone (Figure 4.25c-e). Bedding planes in some cases are not clear because of 
amalgamation of individual depositional units. Minor shales that occur close to the base of the 
turbidite sequence are associated with silicified sandstone and less siltstone. Upwards in the 
stratigraphy, the individual shale units are nearly ~1-5 m thick. Locally, shale lenses are found 
as stringers within sandstone-greywacke units.  
A fining upwards sequence is observed close to the top of the turbidite package, with 
predominant succession of intercalated planar laminated shale and thin interbedded siltstone 
≤10 cm (i.e., planar tabulated beds), suggesting normal grading. Soft-sediment deformation 
features were not observed in the field. Another archetypal well-exposed, graded 
sedimentation unit with predominantly shale, greywacke and sandstone was studied west of 
Talpada village (Figure 4.25d-e). Where finely laminated shales are interbedded with planar 
tabular sandstone, in places the latter is as thick as <10cm.The turbidite unit in this locality is 
characterised by Td-e division of Bouma sequence, which are represented by medium-grained 
sandstone/greywacke intercalated with siltstone and shale similar to those exposed near 







4.5.4. Bedded chert 
The upper part of the Sindurimundi turbidite succession is dominated by fine-grained silicified 
clastic to minor chemical sedimentary rock such as finely laminated black chert. However, 
interbedded granular chert with shale and minor greywacke were observed at the base of the 
turbidite sequence in a nearby stream-bed section and on the way to OMC Iron Ore Mine 
(Figure 4.2). These granular chert units are laterally discontinuous. Thin laminated black chert 
units are usually seen to be interlayered with shale towards the top. They occur as planar 
laminated beds, mostly dark-grey in color and can be several tens of centimetres thick. In 
general, the upper part (Tde) of the turbidite sequence is found to be in sharp, conformable 
relationship (see stratigraphic column, Ts-1c) with the chert and especially iron-formation of 
the Tomka Formation, which is found to be frequently intercalated with grey-tuffs near 
Sindurimundi Parbat.  
4.5.5. Basalt 
Nearly, 4 km east of the OMC Iron Ore Mine, a well-exposed section of large- to medium-size 
bulbous pillows ~30-50 cm across are observed. Pillows in this locality are characterized by 
convex or rounded upper surface with a tapered base downwards, which is used as a way-up 
indicator here. Vesicular massive lavas (Figure 4.26b) and altered mafic schists are found in 





Figure 4.26. a) Cross-section of a pillow basalt outcrop in the Sindurimundi Formation, way-up is 
indicated to the top right. b) Amygdaloidal basalt within the Sindurimundi Formation. Amygdales are 
filled with quartz. c) Intraformational conglomerate at the upper part of the Sindurimundi Formation 
(Note: Chert veinlets in black chert are indicative of active hydrothermal processes). This outcrop 
exposed near Daitari Parbat peak marks the contact with the overlying Tomka Formation and the 
underlying Sindurimundi Formation.  
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4.5.6. Sindurimundi Formation-Interpretation  
Near the Talpada stream section (see Figure 4.2), the turbidite sequence of the Sindurimundi 
Formation rests on felsic volcanic and volcaniclastic rocks of the Talpada Formation. Where 
clastic sedimentation took place on flanking volcaniclastic apron (cf. Carey and Schneider, 
2011). After the upliftment, erosion and drowning of the Talpada felsic volcanic vent that 
resulted in derivation of source material primarily from local felsic volcaniclastic rocks. Inverse 
to normally graded turbiditic conglomerates of the Sindurimundi Formation are characterized 
by poorly sorted clasts derived from the underlying Talpada Formation with varying 
composition embedded in a reworked tuffaceous matrix. Boulder-cobble conglomerate is 
followed by a massive coarse-grained sandstone unit (Ta division of Bouma), that in turn is 
overlain by flat planar laminated division (Tb division of Bouma). The deposition of this 
sequence most likely took place by submarine sediment flows on fan-delta front (i.e., slope 
facies, cf. Nocita and Lowe, 1990; Haughton et al., 2009; Carey and Schneider, 2011).  
A similar coarse-pebble conglomerate unit (~2.5-3 m thick) upwards in the stratigraphy is seen 
to grade into medium-grained sandstone. Here the conglomerate unit preserves inverse 
grading followed by a normally graded top part in sharp contact with massive sandstone (Ta), 
the latter is a product of high-density turbidity current (Lowe, 1982). Interestingly, the 
conglomerate package studied near Dhalkisai village (Figure 4.2) preserves massive to poorly 
stratified chert-pebble conglomerate with abundant chert clasts that often represent intraclasts 
derived by local erosion within the depositional system. More convincingly, the presence of 
these polymict conglomerates comprising silicified felsic volcanic, green and black chert 
clasts, which otherwise lack any older granitic clasts provide evidence for locally derived 
source terrain and therefore preclude the presence of an exposed older pre-existing plutonic 
provenance. 
In the Talpada stream-bed section, inverse to normal graded conglomerates are followed by 
a thick succession of graded beds that comprise primarily medium grained-sandstone, 
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greywacke, finely laminated siltstone, shale, with minor chert horizon. The latter is found to be 
intercalated mostly with shale at the top of the sequence (i.e., basin facies; which is 
characterised by distal turbidites of fall-out deposits, see Carey and Schneider, 2011). The 
upper part of the turbidite succession predominantly contains sandstone-siltstone intercalation 
with shale as dominant rock type. Such transition from coarse-to medium-grained sandstone-
siltstone progressing into fine-grained shale, suggests a successively fining upward sequence.  
Well-preserved current generated primary sedimentary structures such as climbing ripple 
laminations are also observed with Td division of Bouma sequence (i.e., low-density turbidity 
current). However, the atypical presence of tabular cross-bedded sandstone imposes 
questions regarding the depositional environment of this rare sandstone unit within the 
turbidite succession. The occurrence of this enigmatic tabular cross-bedded sandstone within 
the turbidite sequence remains to be evaluated carefully, yet the possibility of bottom current 
reworking should be considered (e.g., Lowe, 1988; Arnott, 2012; Shanmugam, 2012, 2013). 
In view of these opinions related to current/wave (?) sedimentary structures observed with the 
turbidites of the Sindurimundi Formation, few key issues are discussed below: 
1. Occurrence of climbing ripple lamination indicating current structures is mostly made up of 
reworked felsic volcanic ash derived sandstone with fine carbonaceous mud that show flat 
laminations at the top (e.g., Te-division, Bouma, 1962). This event may indicate the 
development of ripple bed forms where sediment fallout rate likely increased (Arnott, 2012). 
2. On the contrary, cross-laminated strata are also reported from deep-water turbidite 
deposits, where bottom current reworking may lead to formation of traction structures such as 
low angle cross-laminae and starved ripples (Shanmugam, 1996, 2017b and references 
therein). This observation is important to note, in-order to consider its contact relationship with 
the underlying planar bedded sandstone unit (Tb division of Bouma sequence). However, this 
was hampered due to poor outcrop exposure.  
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3. Traction structures are characterized by current ripple-lamination, with sandy interbeds. 
This suggests deposition of low-density sediment gravity flow (cf. Fenton and Wilson, 1985). 
Conversely, this could simply indicate the presence of an aggrading dune-cross stratified unit 
(c1-unit; Lowe, 1988), suggesting its formation due to sediment load within dune stability field 
that marks the ‘c-division’ of a Bouma sequence (Bouma, 1962; Arnott, 2012).  
4. The association of a rare tabular-cross bedded sandstone is restricted to the lower part of 
the Sindurimundi turbidite sequence. This may reflect deposition under shallow marine 
conditions, at least for the initial phase of the basin development.  
In contrast, it is important to note that most medium-to fine-grained, planar bedded sandstone 
to siltstone are followed by shale. This sequence grades into thin bedded chert towards the 
top. Therefore, marking deposition under predominantly deep-water conditions. Presence of 
cross-cutting to stratiform black chert veins up-section provide conclusive lines of evidence for 
hydrothermal activity. More interestingly, upwards in the stratigraphy, chert derived clasts 
occur abundantly within conglomerates when compared to the basal part of the turbidite 
sequence. Major volcanic ash-fall deposits are represented as fine- to medium-grained, 
moderate to well-sorted, normally graded beds, which represent finely laminated and thick 
bedded units that are often structureless. Up-section the abundance of organic-rich shales 
took place mostly under low-density silt-mud dominated suspension sedimentation. Where 
pelagic carbonaceous matter settled through the water column and further suggesting a 
considerable oceanic productivity during the Palaeoarchaean (refer Chapter 8 for carbon 
isotope results). Typically graded sedimentary layers investigated in this study from the 
western part of the greenstone belt provide evidence for reversal in younging direction. This 
could be due to the tightly folded isoclinal synclinorium in the area, resulting in an overturned 
sequence of the Sindurimundi Formation. In addition to these observations, the occurrence of 
pillowed lavas and sub-ordinate vesicular basalt within the Sindurimundi Formation overall 
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indicates predominantly sub-aquatic conditions and later marked by mafic volcanism, which is 
preserved as dismembered parts within the stratigraphy. 
Occurrences of similar but much younger shallow-water turbiditic sequences representing 
Bouma divisions that deposited from turbidity currents were reported from the Duffer 
Formation, East Pilbara terrane, Western Australia and Mapepe Formation, Barberton 
Greenstone Belt, South Africa (e.g., DiMarco and Lowe, 1989; Lowe and Nocita, 1999). 
Archaean turbidity current deposits with conglomerates, greywackes, sandstones and shales 
have been reported from the Fig Tree Group and Noisy Formation of the BGB, South Africa 
(Toulkeridis et al., 1999; Hofmann, 2005; Grosch et al., 2011; Byerly et al., 2019). 
4.6. Tomka Formation 
Field observations suggest that the base of the Tomka Formation with the underlying 
Sindurimundi turbidite sequence is generally sharp and conformable, with an exception of 
gradational contact relationship studied further ~4km east of OMC Iron Ore Mine. Where, the 
base of the Tomka Formation is marked by a gritty conglomerate intercalated with minor-
silicified sandstone that grades into bedded banded black-and-white chert and iron formation. 
The highly silicified intraformational conglomerate (Figure 4.26c) is in-turn transected by minor 
chert vienlets. On the other hand, the upper contact with the Talangi Formation is poorly 
exposed but inferred to be conformable (?), where chemical sedimentary rocks are seen to 
underlie mafic volcanic rocks.  
Abundant banded black- and white-chert with iron formation make-up the dominant 
stratigraphic units with interesting lithologies such as green chert, grey chert, and granular 
chert. Another unique characteristic of the BIFs of the Tomka Formation in contact with the 




4.6.1. Banded black-and-white chert 
Banded black-and-white chert (Figure 4.27a-b) is the most common variety of chert in the 
Daitari belt and is seen to interfinger laterally with iron-formation in places (refer to Figure 4.2). 
The former is represented by steep and high ridges in the DGB because of their resistive 
nature to weathering. Bedded black-and-white chert are several tens of meters thick and can 
be traced laterally. Frequently within banded black-and white-chert, brecciated, tabular slabs 
of white-chert (e.g., ~10 cm in length and 2 cm in width) are set in a matrix of black 
carbonaceous chert (Figure 4.28a).  
Banded black-and-white chert is composed of alternating bands of black carbonaceous chert 
and white-weathering translucent chert (Figure 4.28b). The while translucent bands comprise 
of homogenous quartz, the former ranges in size from a few millimetres to a maximum of ~7 
cm thick, mostly structureless. The dark band consists of carbonaceous matter and 
microcrystalline quartz. Black chert can reach upto ~12 cm in thickness, often crudely to finely 
laminated, and with stripes of microcrystalline quartz laminae. Both white and black chert 
laminae preserve concordant relationship to the bedding plane (Figure 4.27a-b).  
On a fresh rock sample white chert appears to be translucent but on weathered surfaces they 
are observed as creamy-white in color. On the other hand, black chert band mostly appear 
glossy black in color. 
Banded black-and-white chert is devoid of any shallow-water current features (e.g., cross-
laminated strata, ripple laminations). They are represented by planar laminated beds, which 
mostly indicate deposition below storm wave-base (>200m). Except for a rare occurrence of 
ripple-laminated banded black-and-white chert suggesting shallow-water conditions (Figure 





Figure 4.27. a) Banded black-and-white chert transected by numerous black vein chert (Photo courtesy: 
A. Hofmann). b) Ripple laminated banded black-and-white chert.  
 
 4.6.2. Iron Formation 
Iron formation (IF) exposed in the Tomka Formation is referred to pure orthochemical 
sedimentary rocks. They are also resistant to weathering but compared to banded black-and 
white-chert,IF make-up slightly lower ridges. Similar to banded black-and white-chert, IF in the 
Daitari belt is represented by banded red-and white-chert, also referred here as Banded Iron 
Formation (BIF). BIF of the DGB are bedded, finely laminated rocks made-up of hematite or 
magnetite that are interlayered with Fe-rich silicate/jasper and translucent to white-weathered 
chert (Figure 4.28c-d). Fresh BIF outcrops are rare in the field. Unaltered IF of the Tomka 
Formation comprises mineral assemblage such as magnetite, hematite, minor stilpnomelane 
with jasper rich chert (refer Acharya, 2002). Jasper rich bands are seen as alternating banded 
red-and white-chert within the IF of the DGB, where the red band is found to weather out into 
rusty brown, cherry reddish color. BIF of the Daitari belt consists macrobands (i.e., upto a 
maximum of 0.5m thick) and mesobands (e.g., 2-5 cm thick, Figure 4.28d). The only 
sedimentary structure visible in the BIF of the Daitari belt is even to finely laminated jasper 
rich and white-microcrystalline chert.  
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The total thickness of the BIF unit near the top of the Daitari and Tomka mountain ranges is 
>250m. The iron formation is thickest near the Daitari Parbat peak, but laterally pinches out 
or interfingers with banded black-and white chert. This iron formation is well-exposed and can 
be traced continuously, ~1.5 km laterally near the top of the Daitari Parbat peak (refer to Figure 
4.2). The base is marked by sharp, conformable relationship with shales of the underlying 
Sindurimundi Formation. Otherwise, occurrence of interlayered grey tuff units at the base is a 
notable characteristic of this iron-formation in contact with the Sindurimundi sedimentary 
package (see Figure 4.24c).  
 
 
Figure 4.28. a) Cross-section of a banded black- and white-chert exposed near Ponga hill locality. b) 
Polished slab of a banded black- and white-chert. c) Banded iron formation of the Daitari Parbat 
Formation that show regular alternating bands of jaspilite and hematite rich domains (Photo courtesy: 




Near the ‘Waterfall locality’ (Figure 4.2), the iron-formation is relatively thin (≤15 m thick) 
intercalated with grey-translucent chert, and deformed. Jasper rich bands are seen to show 
disrupted chunks/chips due to in-situ brecciation. In most surface samples along Kalisagar 
ridge, iron formation comprises alternating grey chert-bands (<0.2 cm thick) separated by 
thinly layered hematite-magnetite (0.1 cm thick) to jasper rich bands (<0.1 cm).  
4.6.3. Granular chert 
Granular chert occurs as stratiform or cross-cutting veins, and/or preserved as lensoidal 
stratiform layers. They are associated with banded black-and-white chert, vein chert, 
laminated chert, and shale. Stratiform granular chert occurs as thinly bedded, planar and 
tabular units of alternate white-microcrystalline megaquartz with carbonaceous bands. 
Frequently in banded black-and white-chert facies, brecciated to disrupted white chert clasts 
are found to be embedded within a granular chert matrix. Rarely, stratiform granular chert is 
marked by coarse sand-sized basal layer that is clearly visible on weathered surfaces. These 
are normally graded, and can be used as reliable way-up indicators (Figure 4.28a). Coarse-
grained granules of carbonaceous matter together with pure microcrystalline quartz are typical 
characteristics of granular chert. White chert comprises of silica aggregate, while on the other 
hand, black chert predominantly consists of carbonaceous material  
4.6.4. Green chert (Ponga hill locality) and grey translucent chert 
(Waterfall locality)  
Green chert of the Tomka Formation occurs as massive to finely laminated layers, which 
make-up a dominant lithology close to Ponga hill (i.e., ~ 4.5 km further east of OMC Iron Ore 
mine) that can be traced laterally for several tens of meters. These are frequently interbedded 
with bedded black-and-white chert, brecciated conglomerate (refer stratigraphic section PH-
1, Figure 4.29a), granular chert. Green chert in this locality is frequently associated with 
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graded beds, and contains abundant vein stockwork (refer stratigraphic section PH-1, Figure 
4.29b). Apart from this, green chert (e.g., silicified mafic accretionary lapilli nearly1-2m thick), 
and finely-laminated, mafic-ultramafic tuffaceous material (Figure 4.29c-d) are found together 
with granular chert at the top of this unit. This sequence is found to be normally graded, with 
rare occurrences of cross-laminated strata, which indicates deposition of pyroclastic ash-fall 
deposits under the influence of storm activity (Figure 4.29c-d). It is made up of sub-angular to 
sub-rounded clear quartz, set within a groundmass rich in quartz, Cr-mica etc. These 
sediments were likely derived from allochthonous input of volcanic ash, and the presence of 
Cr-mica indicate derivation from ultramafic material.  
Additionally, grey translucent chert near the waterfall locality, is marked by a thin chert band 
with lensoidal to lenticular laminations preserved. This is defined by fine-grained 
microcrystalline quartz with greenish fuchsite rich domains. They are interlayered with the 
banded black-and-white chert facies and preserve trace CM that show rare ripple cross-
lamination indicating deposition under wave activity (refer Figure 4.15c). Similar silicified mafic 
lapilli and fine-grained green chert units have been documented from well-studied greenstone 
belts such as BGB and NGB, South Africa (see Heinrichs, 1984; Paris et al., 1985; Wilson and 
Versfeld, 1994a; and Hofmann et al., 2013) and have been argued to represent explosive 










Figure 4.29. Detailed stratigraphic section of a outcrop near the Ponga hill locality (PH-1). a) Brecciated 
green chert-slab conglomerate. b) Green chert facies near Ponga with black vein chert (Photo courtesy: 
A. Hofmann). c) Cross-lamination preserved in tuffaceous material of ultramafic composition. d) Cross-
laminated green chert with dark foresets most likely made up of sand-sized reworked carbonaceous 
material. 
 
4.6.5. Petrographic description of green chert  
Massive green chert of the Tomka Formation is largely made of chlorite-fuchsite, microquartz, 
with sphene, Fe-oxide, and minor sulphide as accessory minerals. They do not show any 
prominent layering or banding as opposed to carbonaceous black chert. Otherwise, silicified 
mafic-lapilli (i.e., green chert) is predominantly made of lapillus with blocky pyroclasts, altered 
plagioclase (<0.2 cm), set in a structureless and highly packed framework. Rare sub-angular 
silicified glass shard fragment (<0.2 cm) embedded in a fine-grained silicified matrix (Figure 
4.30a-f) and microcrystalline quartz are also found (Figure 4.30a-b). Occasionally vesicles 
with quartz filling are noted (Figure 4.30f). Green chert shows large intraclasts (~2.5 mm in 
length) with tuffaceous-ash matrix, sub-angular volcanic quartz admixed with chlorite-rutile, 
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carbonaceous matter and Fe-oxides (Figure 4.30g-h). Phyllosilicates are primarily altered 
glass shards (i.e., now chlorite-sericite matrix, Figure 4.30f), and Cr-rich mica (fuchsite). 
 
Figure 4.30. a) Photomicrograph showing green chert with lapilli and ash fragment. b) Enlarged 
photomicrograph of a coarse ash fragment containing chert-replaced hexagonal, acicular to euhedral 
crystals with finely distributed CM and rutile. c) Silicified ash fragment with former vesicle now filled with 
quartz, and former glass altered to chlorite (shown here by white arrow). d) Silicified lapillus with 
randomly oriented acicular crystals and finely distributed rutile and minor CM. Note: Broken-off ash 
grain. e-f) Raman map of ash with rutile (white arrow) and carbon. g) Silicified ash with sub-rounded 




4.6.6. Tomka Formation-Interpretation  
The Tomka Formation is largely characterised by clastic free orthochemical sedimentary 
package (viz., banded iron formation, and banded black-and white-chert). The south-eastern 
part of the volcano-sedimentary sequence is the best-preserved area to study these chemical 
sedimentary units. However, an important lithology other than the banded black-and white-
chert and BIFs of the Tomka Formation is the widespread occurrence of green chert, which 
on the other hand is characterized by a high clastic input (see Chapter 6). Along the western 
and eastern stretches of the DGB, the iron-formation merges into banded chert laterally, and 
associated with event beds, silicified lapillistone, and abundant fine-grained green chert near 
Ponga. Occurrences of highly silicified medium-to fine-grained, sub-rounded, ripple laminated 
lapilli-ash units suggest reworking of pyroclastic ash-fall deposits under shallow-aquatic 
settings and further affirms deposition under current and/or wave activity.  
CM observed within the banded black-and white-chert is represented by fine-grained organic 
material that settled from a slow suspension fall out in a quiet setting. Brecciated platy to 
elongated white chert clasts (refer Figure 4.28a) occur embedded within black chert matrix 
that indicate an early lithification of white chert prior to solidification or lithification of the 
carbonaceous rich black chert. Brecciation of this kind could be related to either exposure to 
storm driven current or regional hydrothermal activity in the area and different lines of evidence 
for the latter are explained below (refer Hofmann and Bolhar, 2007; Westall et al., 2015; 
Trower and Lowe, 2016;). A rare ripple-laminated banded black-and-white chert interbedded 
with lapilli-ash bed, the latter is marked by cross-bedded unit that provides convincing 
evidence for shallow-water activity in the area. Here ripple-laminations are defined by 
reworked fine-grained tuffaceous material. 
East of the Daitari belt near Ponga, bedded carbonaceous chert horizons are associated with 
event deposit. The event deposit studied from this locality is approximately ~4 meters thick 
sequence of chert-grit conglomerate and graded bed (refer PH-1, Figure 4.29). Here, the 
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orthochemical sedimentary rocks are closely associated with chert-grit conglomerate and 
gritty sandstone at the base. This brecciated conglomerate interbedded with graded beds 
reflect subsequent erosion and reworking of previously lithified chert by an energetic event 
during the Palaeoarchaean period. Further detailed studies should be considered to 
understand the origin of these brecciated conglomerate units.  
Cherts preserve primary sedimentary structures such as current or wave ripple laminations 
locally. In addition, presence of interbedded granular chert units is in agreement with 
intermittent periods of deposition under shallow-water environments. Otherwise, most chert 
facies of the Tomka Formation are represented by planar laminated chert (e.g., banded black-
and white-chert) and iron-formation, therefore reflecting a predominantly deep-water setting. 
Whereby, deep-water sedimentation took place and possibly marked a condensed section. 
Overall, the Tomka Formation is marked by a pronounced deepening with enigmatic 
occurrence of bedded crystal-tuffs within the iron formation towards the south-western part of 
the DGB volcano-sedimentary strata. Near the Waterfall locality (see Figure 4.14), the tightly 
folded Talpada anticline consists of relatively thin green chert, banded black-and-white chert 
and iron-formation (vis-à-vis, Tomka Formation). Similar tectonic setting has been described 
from the Buck Reef Chert (BRC), Barberton Greenstone Belt, and deposition of a thick suite 
of chemical sedimentary rocks was inferred to have been taken place in a subsiding volcanic 
platform that represents an eroded volcanic edifice (Lowe and Byerly, 2007),  
4.7. Talangi Formation 
Exposures along the southern limb of the Talpada anticline are mostly made up of basalts, 
komatiites, and minor cherts. These units collectively have been assigned to the Talangi 
Formation. The formation is named after the village ‘Talangi’ where the rocks are best 
exposed. They constitute the youngest suite of rock assemblage in the Daitari Greenstone 
Belt. The Talangi Formation is nearly 1000 meters thick. The lower contact of the Talangi 
Formation with the Tomka Formation is not well-exposed and hence, shown as inferred 
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conformable contact (?) in this study. The Talangi Formation forms a linear stretch south of 
the Daitari belt and is overlain unconformably by the younger Mahagiri quartzite-conglomerate 
sequence.  
4.7.1. Mafic/ultramafic volcanic rocks 
The Talangi Formation preserves komatiitic flows with radiating fan-like pyroxene spinifex 
(Figure 4.31a). The younging direction is consistently towards the south, which is determined 
from the pyroxene spinifex komatiites in the area representing fan-like radiating needle texture. 
So far, similar pyroxene spinifex has been reported from the Nondweni Greenstone Belt 
(NGB), South Africa (Figure 4.31a; cf. Wilson and Versfeld, 1994a). Komatiites of the Talangi 
Formation can be found as highly altered volcanic rocks that faintly preserve primary spinifex 
texture (Figure 4.31b). Alteration of such pyroxene spinifex komatiites from the NGB has been 
attributed to hydrous processes resulting from sea-floor type metamorphism (cf. Wilson and 
Versfeld, 1994a)  
Otherwise, the predominant lithology of the Talangi Formation is basalt, which forms almost 
80% of the rock assemblage. The Talangi Formation is largely characterised by several 
hundreds of meters-thick, massive to pillowed lavas with small-sized ocelli-bearing well-
developed pillows (Figure 4.31c). Where overlain by chert, mafic volcanic rocks are 
silicified/carbonated and transected by chert veins. The Talangi Formation volcano-
sedimentary rocks exposed north of the OMC Iron ore mine occur within a tightly folded 
synclinorium. This part of the folded limb is found to be younging towards the north, which is 




Figure 4.31. a) Intersection of large cone structures formed due to branching growth of pyroxene 
crystals from the top of the flow (Note: Way up is to the right). b) Altered spinifex textured komatiite 
exposed near Talangi village. c) Stretched pillow basalt of the Talangi Formation near Rebana village. 
Note: White stippled ellipsoidal outline marks individual flattened pillow. 
 
4.7.2. Bedded black chert and BIF 
Laminated black chert and massive black chert units occur abundantly with not a single 
occurrence of banded black-and white-chert. The thickest bedded chert in the Talangi 
Formation is ~15 m thick and is interbedded with mafic schists, south of the Daitari Iron Ore 
mine (see Figure 4.2). Most black cherts in the Talangi Formation comprises laminated to, 
granular and massive black vein chert. However, a rare, yet interesting, aspect of the Talangi 
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Formation is the occurrence of dismembered chert bodies that are randomly oriented and do 
not share any regional tectonic fabric. An intermittent pure chemical sedimentary rock is a 
thinly bedded, planar laminated BIF, which is found to be interlayered with the pillow lavas and 
exposed in the north-western part of the greenstone belt (nearly 1.5 km north of the OMC 
reservoir). It is approximately 15 meters thick and truncated near the E-W trending Rebana 
fault. 
4.7.3. Talangi Formation-Interpretation 
The Talangi Formation is dominated by basaltic to komatiitic rocks, although the latter 
constitutes a sub-ordinate proportion of the volcanic suite here. Komatiites and basalts do not 
exhibit breccias and hyaloclastites, however the presence of pillowed lava flows mostly 
indicate sub-marine type of eruption. Pillowed basalt, of the Talangi Formation is often 
interlayered with minor laminated black chert and a rare occurrence of BIF. The presence of 
pillow lavas, laminated black chert, and BIF are in agreement with an overall sub-aquatic 
setting. Komatiites and pillow lava flows are mostly altered due to active sea-floor alteration 
processes, which is evident from silicified/carbonated units with massive black vein chert and 
laminated black chert units towards the top of such altered volcanic pile. The thin capping 
chert represents a regional cessation or break in volcanic activity in the Talangi Formation 
almost identical to the alteration profile observed in the Kalisagar Formation.  
The dismembered chert bodies most likely indicate a sudden entrainment in the Talangi area. 
Or otherwise, these chert bodies most probably represent a possible landslide/slope failure 
event that led to the sudden displacement of chert from their original locality. The timing of this 
event remains speculative and largely unknown.  
4.8. Intrusive rocks in and around the DGB  
The ca. 3354 ± 6 Ma old (Xie unpublished data) granitoids are marked by an intrusive 
relationship with the older greenstone assemblage of the Daitari belt. This late phase of 
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granitoid intrusion resulted in a sheared contact with the greenstones, which is documented 
at the periphery of the volcano-sedimentary sequence exposed in the north of the DGB. These 
foliated, light grey granitoid gneisses exposed in the area are leucocratic, medium to coarse-
grained that mainly consists of plagioclase, K-feldspar, quartz, and minor mica. In places it 
preserves amphibolite enclaves within strongly foliated granitiod gneisses.  
Several intrusive granitoid gneisses are encountered within the greenstone belt (e.g., 
‘Intrusive granitoid locality’, refer Figure 4.2). An intrusive coarse-grained, foliated, leucocratic 
rock, which most probably represents a felsic-sill cross-cuts the ultramafic suite of the 
Kalisagar Formation, nearly 1 km north-west of the OMC reservoir. This leucocratic felsic 
intrusive rock was dated at 3385 ± 11 Ma (Xie unpublished data).  
Apart from the intrusive granitoid gneisses in the area, the Sukinda chromite complex, which 
is exposed south of the DGB forms a major layered ultramafic intrusion suite in and around 
the DGB. The Sukinda chromite complex is made up of primarily chromite bearing ultramafic 
rocks such as serpentinite, talc-serpentine schist, silicified ultramafic rock, along with minor 
dunite-peridotite, the latter is observed in drill core samples (Chakraborty et al., 1980). 
Chakraborty et al (1980) suggested that the Sukinda chromite complex is folded as a doubling 
plunging syncline with fold axis trending ENE-WSW. The exact relationship with the Mahagiri 
quartzite is debated but a recent review by Hofmann et al (submitted) suggested that the 
Sukinda chromite complex post-dates the Mahagiri quartzite based on field relationships such 
as younging indicators preserved within the quartzite and mafic dykes cross-cutting through 
them. Furthermore, these authors provided a minimum age for both Mahagiri quartzite and 
Sukinda chromite complex to be around 2.8-2.75 Ga. This was proposed on the basis of the 
prominent NNE-cross-cutting mafic dykes swarms in the area. In addition to this, mafic dykes 
investigated in this study indicates at least a minimum of two-major dyke swarms in the area 




4.9. Mahagiri quartzite-conglomerate 
The Mahagiri quartzite-conglomerate rests unconformably on the volcano-sedimentary 
succession of the Daitari belt and is named after the Mahagiri ranges further south of Daitari 
(Mukhophadhyay et al., 2014). Near Talangi stream section, the base of the Mahagiri is 
marked by an unconformable, erosional contact with the Talangi mafic volcanics although this 
contact is poorly exposed. In a well-preserved stream bed section close to the Talangi village, 
the basal part of the Mahagiri sedimentary rocks consists of boulder-pebble conglomerate with 
compositionally variable clasts such as silicified felsic volcanic rock, banded black-and-white 
chert, olive green chert, and rare BIF (Figure 4.32a-b).  
The conglomerate is predominantly clast-supported, while in places matrix-supported 
conglomerate can also be found. At times, the conglomerate clasts are embedded within a 
coarse green-sandy matrix that may be derived from mechanical abrasion of green chert or 
silicified mafic volcanics giving rise to the greenish color and Cr-rich composition of the matrix 
(Figure 4.32a). The Mahagiri conglomerate locally grades to coarse sand-grit with distinct 
bedding and foresets defined by Cr-mica.  
Previous study by Mukhopadhyay et al. (2014) classified the base of the Mahagiri quartzite to 
mainly represent sub-aerial fan to coastal braided setting, while the upper sequence marked 
by shallow marine quartzite. Hofmann et al. (submitted) suggested that Mahagiri quartzites 
exposed south of the DGB is in inferred tectonic contact with the Sukinda layered ultramafic 
complex. The cross-bedded quartzite (Figure 4.32c) of the Mahagiri sedimentary sequence 
indicates younging direction towards the south, which is coherent with the underlying 
greenstone sequence.  
Based on field study of the Mahagiri quartzite sequence, a recent review from Hofmann et al. 
(submitted) highlighted the presence of a synclinorium south of DGB. The Mahagiri quartzite 
is also represented by mega ripples (Figure 4.32d), and therefore overall suggests sub-aquatic 
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settings such as shallow marine to shoreline conditions. Different authors have studied the 
Mahagiri quartzite in terms of its age and depositional setting (Mukhopadhyay et al., 2014; 
Sreenivas et al., 2019; Ranjan et al., 2020 and Hofmann et al. submitted). 
Detrital zircons largely range between 3.9 to 2.9 Ga in age (Mukhopadhyay et al., 2014; 
Sreenivas et al., 2019; Ranjan et al., 2020) although recent U-Pb detrital zircon age data of 
~2.9 Ga provided a maximum deposition age (Ranjan et al., 2020). Prominent detrital 
populations are reported at 3.5 Ga, 3.3 Ga and 3.1 Ga respectively. Interestingly two dominant 
peaks are noted at 3.3 Ga and 3.1 Ga. This, most likely, is in agreement with upliftment and 
erosion of the Daitari greenstone sequence together with the granitoids that provided 
sediments for the Mahagiri quartzite-conglomerate rocks.  
 
Figure 4.32. a) Mahagiri conglomerate with rounded to sub-rounded pebbles of green chert, silicified 
greenstone clast embedded within grit, coarse-sand and cr-mica matrix. b) Poorly sorted conglomerate 
with sub-rounded to rounded boulders and cobbles exposed at the base of the Mahagiri Formation 
(Note: Boulders comprise black chert, banded black- and white-chert, green chert, and older greenstone 
clasts). c) Herring-bone cross stratification preserved in Mahagiri quartz-arenite (Photo courtesy: A. 




The structural history of the Daitari belt has been investigated in detail by Acharya (2002) and 
Prasad Rao et al (1964). The volcano-sedimentary rocks of the Daitari belt have been 
subjected to multiple phases of folding and faulting (Prasad Rao et al., 1964; Acharya, 2002; 
Mukhopadhyay et al., 2011). Acharya (2002) provided a careful structural evolutionary history 
of the DGB and indicated that folds in the DGB maintain high axial plunge. He noted S0 and 
S1 to be parallel and penetrative, where the first deformation (D1) and folding event led to E-
W striking isoclinal fold resulting in axial plane (F1) that crosscuts S1 and S0 near the closure 
of these folds. This is followed by later phase of folding (F2) with N-S axial plane and 
deformation event (D2). It resulted in isoclinal cross-folding of F1 and F2 fold axes that is found 
to be coaxially folded in places. Finally, the third stage of deformation (D3)/folding took place 
with an axial planar fabric (F3) along E-W that is parallel to the first deformation and less 
penetrative than F1 folding. This deformation transposed previous F1, F2-axial planes with a 
N-S attitude near Talpada valley.  
Here, I report spinifex textured komatiite flows, well-preserved pillowed basalts showing 
stratification, cross-laminated sedimentary units, graded beds that define S0 or primary 
bedding plane in the greenstone volcano-sedimentary sequence. The younger Mahagiri 
quartzite (c. 2.9 Ga old) preserve excellent sedimentary structures such as ripple laminations, 
cross-laminated units, herringbone stratification. S0 plane usually forms a concordant 
relationship with S1 fabric that indicate tight folding in the Daitari area (Figure 4.33a). Primary 
features define bedding plane (S0) in the Mahagiri quarzite (Figure 4.33b) forms a concordant 
relationship with the S1 fabric of the older greenstone sequence  
Fine flakes of phyllosilicates define the schistosity (e.g., S1; chlorite, muscovite, serpentintie, 
actinolite, tremolite for ultramafic-mafic rocks) and (e.g., muscovite, sericite for shales). S1 
fabric is also preserved in volcanic rocks (e.g., ultramafic schists, mafic schists, felsic schists) 
and sediment rocks (i.e., shales, siltstone). For example, stretched pyroclastic rocks lie almost 
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sub-parallel to parallel with respect to S1 tectonic fabric in the study area (refer Figure 4.17d). 
Non-pillowed basalts are seen to occur as foliated rocks that host leucocratic domains, which 
are marked by ocelli and are often oriented parallel to the S1 tectonic fabric (refer Figure 4.11b). 
In places, ocelli are flattened and shortened that preserve S2 fabric as spaced cleavage (refer 
Figure 4.11b).  
The current field observations also indicate that S0 and S1 are mutually parallel to each other 
(Figure 4.33a) although S2 varies in orientation (Figure 4.33c), which could be due to the D2 
phase of deformation. In this study, the S2 fabric in the greenstone sequence is defined by 
spaced cleavage. Deformation produced steeply dipping strata ranging from 50° to 85° dip 
angle. The regional anticlinorium structure referred here is known as the Talpada anticline is 
represented by a SSW plunging fold axis (Figure 4.33d). 
Based on field observations, the Talpada anticline is affected by a discontinuity surface 
running E-W of the DGB, which is referred in this study as a fault plane (i.e., Rebana fault; cf. 
Acharya, 2002, refer Figure 4.2). The volcano-sedimentary strata south of the Rebana fault 
(i.e, dextral strike slip fault; Figure 4.2), which is the upthrown block (as the oldest sequence 
is truncated against the fault which is in contact with younger rocks to the north of the fault), 
shows a stratigraphic younging consistent towards SSW. But the greenstone sequence is 
marked by a younging reversal north of the fault, whereby progressively younger lithogical 
sequence is encountered towards NNE, which is the downthrown block, here the younger 
volcano-sedimentary rocks are exposed at same level to that to the oldest strata to the south. 
However, the volcano-sedimentary rocks exposed both north and south of the Rebana fault. 
The structural evolution of the Daitari belt is largely controlled by the emplacement of the 
grantoid gneisses and equivalent or younger intrusive bodies (e.g., Sukinda chromite 
complex) that form a tectonically sheared contact relationship towards the northern and 
souther part of the greenstone terrain respectively. The type locality of the intrusive granitoids 




Figure 4.33 a) Lower hemisphere stereographic projections of poles to foliation of greenstone volcanic 
rocks (S1) and bedding of greenstone sedimentary rocks (S0). b) Lower hemisphere stereographic 
projections of poles to bedding of Mahagiri sedimentary rocks (S0). c) Poles to spaced cleavage planes 
of greenstone volcano-sedimentary and Mahagiri rocks. d) Lineation (L1) plane observed within the 
greenstone sequence. 
 
township. The ultramafic schists close to the contact with the intrusive granitoids show 
prominent S1 with a well-developed S2 fabric as spaced cleavage. Foliation and associated 
metamorphism have formed as a consequence of the D1 deformation or 1st folding event of 
the belt that took place during emplacement of the granitoid gneisses at around c. 3.3 Ga (Xie 
unpublished data). Vertical to sub-vertical volcanic and chemical sedimentary rocks of the 
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Kalisagar and Talpada Formations (Figure 4.34a-b) crop out in a series of vertically plunging 
folds along the northern and north-western part of the DGB (Figure 4.34c).  
I document here a prominent D1, D2 and D3 phase of deformations with a possible D4 event. In 
summary, the S1/S0 (see Figure 4.33a) of the older greenstone succession is tightly folded, 
which did not affect the primary S0 plane of the Mahagiri sedimentary rocks (Figure 4.33b). 
This could indicate that the D1 phase (Pre-Mahagiri stage) took place during post-depositional 
stage of the Daitari greenstone package but coeval with the emplacement of the TTG’s, which 
was followed by metamorphism, upliftment, erosion and further deposition of the younger 
Mahagiri on top. S2 (Figure 4.34d) fabric within the Mahagiri quartzite is defined by spaced 
cleavage domains. Prominent S2 can be observed in both the older greenstone sequence and 
Mahagiri sedimentary rocks, which is a result of the D2 phase of deformation. The D2 in the 
underlying greenstone sequence is defined with well-developed fabric such as stretched ocelli 
bearing pillow basalts. The D2 phase is post-Mahagiri and affected the entire granite 
greenstone terrain together with the younger Mahagiri sedimentary rocks. The well-developed 
foliation planes within the Singhbhum TTG’s possibly represent D2 stage of deformation that 
affected the belt regionally. The intense chevron and kink folds preserved in the chert and BIF 
units towards the Kalisagar Parbat suggest a third phase of deformation (D3), which is 
observed close to the hinge of the fold axis and will need further detailed field investigations. 
Metamorphosed mafic dykes trending N-S that are exposed south of Talangi village are 
deformed with schistosity fabric-oriented E-W. This most likely suggest aD4 stage of 
deformation in the area. In agreement with the younging observed in the volcano-sedimentary 
sequence exposed north of the DGB, S1/S0 plane in the south of DGB is seen to dip sub-
vertically towards SSW, indicating consistent younging towards the south, which is also 








Figure 4.34. a) Geological map of the Daitari belt with S0 planes observed in the greenstone 
metasedimentary rocks. b) S1 planes studied in the volcano-sedimentary rocks of the DGB. c) Lineation 
(L1) features observed in the greenstone sequence. d) Geological map of the Daitari belt with S2 planes 
from DGB and Mahagiri sedimentary rocks.
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4.11. Alteration and metamorphism  
The Daitari belt has undergone variable degrees of alteration and metamorphism. The 
mafic/ultramafic, felsic volcanic and volcaniclastic rocks locally underwent early hydrothermal 
alteration on eruption that is now preserved as highly altered (for e.g., silicified/carbonated) 
volcanic rocks. The ultramafic rocks of the Daitari belt show metamorphism to greenschist 
facies mineral assemblages, such as chlorite-talc-serpentine-tremolite-minor actinolite and 
magnetite. Mafic schists of the Kalisagar and Talangi formations primarily consist of albite, 
quartz, chlorite, tremolite, epidote, with rutile and titanite as accessory minerals. 
Subsequently, felsic volcanic rocks of the Talpada Formation mostly comprise quartz, albite, 
microcline, zircon, titanite, sericite, and chlorite, which indicate greenschist facies conditions. 
Furthermore, pelitic rocks such as greywackes of the Sindurimundi Formation contain fine-
grained quartz-muscovite-sericite and minor chlorite as dominant mineral assemblage 
suggesting greenschist grade of metamorphism. A metamorphic aureole of amphibolite facies 
was developed adjacent to the intrusive granitoid because of which the ultramafic lavas in 
contact with the batholith were subjected to high degree of metamorphism (i.e., lower 
amphibolite facies). 
4.12. Evolution of the Daitari greenstone belt  
The ca. 3.52 to 3.3 Ga old Daitari volcano-sedimentary sequence formed over a long period 
of mafic-ultramafic magmatism followed by sedimentation cycles. Therefore, I sub-divided the 
different phases of volcanism, sedimentation and emplacement of the Singhbhum TTG’s 
followed by sedimentation of the younger Mahagiri sedimentary rocks. These can be 
represented as: 1) Widespread komatiitic volcanism older than 3.51 Ga with intermittent 
cessation phases in magmatism marked by deposition of cherts that are exposed near 
Dhalkisai village. 2) Extrusive volcanic phase characterised by felsic volcanism around ca. 
3.52-3.50 Ga, whereby the dacitic-to rhyodacitic rocks of the Talpada volcanics erupted and 
minor co-magmatic felsic sills or dykes intruded the older mafic-ultramafic sequence of the 
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Kalisagar Formation. 3) Deposition of the ~3.50 Ga old Sindurimundi clastic sediments (see 
Chapter 7) with turbidites of high-to low-density currents around volcanic center that acted as 
flanking sedimentary apron with minor pillow basalts and vesicular lavas. 4) Major 
orthochemical sediments marked by deposition of thick chert to iron formations of the Tomka 
Formation. 5) ca. <3.50 Ga mafic/ultramafic magmatic cycle, dominated by spinifex komatiites, 
pillowed basalts and minor intercalated cherts of the Talangi Formation. Precise age 
constraints from the Tomka and Talangi Formation are missing because of lack of datable 
mineral for geochronological studies from these orthochemical sedimentary and mafic-
ultramafic volcanic rocks respectively. 6) ca. 3354 ± 6 Ma old granitoids intruded the 
greenstone succession, north-east of Daitari mine, here the granite-greenstone contact is 
marked by a highly sheared tectonic contact. 7) Mahagiri sedimentary rocks dated at ca. 2.9 
Ga (Ranjan et al., 2020) mark an unconformity with the greenstone sequence, which formed 
as a result of subsequent upliftment of the older greenstone sequence and the intrusive TTG’s.  
The Kalisagar Formation marks the oldest sequence of mafic-ultramafic phase of volcanism 
in the Daitari belt, which is characterized by a thick volume of komatiites, komatiitic basalts 
with their equivalent pyroclastic lapilli-tuff deposits and tholeiitic lavas. The eruption of the 
older komatiitic sequence was followed by a cessation in volcanic activity, which is 
represented by deposition of silicified tuffaceous rock (i.e., green chert) and laminated black 
chert. Hydrothermal alteration resulting in altered volcanic rocks of the Kalisagar Formation 
was recorded by intense silicification and carbonation close to paleo sea-floor (cf. Duchac and 
Hanor, 1987; Hofmann and Harris, 2008; Shibuya et al., 2010).  
Komatiites and tholeiitic basaltic sequence of the Kalisagar Formation mostly erupted rapidly 
in low-relief volcanic surfaces, with pillowed flows and ash-derived pyroclastic 
phreatomagmatic deposits that suggest volcanism and sedimentation in sub-aquatic settings. 
On the other hand, the presence of interlayered vesicular lava flows may indicate intermediate 
phases of eruption under shallow sub-aquatic settings. Popular models have been proposed 
for the mafic-ultramafic suite of rocks (Komati Formation) of the BGB, where authors regarded 
131 
 
for such eruption of mafic-ultramafic lavas on a rift or extensional setting on a pre-3.51 Ga 
basement, (cf. Lowe, and Byerly, 1999, 2007). This is yet to be studied from the DGB but 
whether or not, a pre-existing crust was available prior to the eruption of the Kalisagar volcanic 
rocks, further careful understanding of the tectonic setting is warranted. For example, episodic 
mafic-ultramafic phases of magmatism from Pilbara and Kaapvaal cratons have been 
regarded to represent specific tectonic setting such as intracratonic rifts, subduction related 
volcanic arcs and oceanic islands or back-arc spreading centers (Nesbitt, 1982; de Wit et al, 
1988; de Ronde and de Wit, 1994; Mukhopadhyay et al.,2012). Otherwise, most favourable 
arguments related to formation of thick ultramafic-mafic successions during the Archaean are 
linked to plume magmatism (Kusky and Kidd, 1992; Arndt and Nisbet, 2012; Arndt and 
Davaille, 2013 and references therein). 
Followed by ultramafic-mafic volcanism,the DGB is marked by ca.3.52-3.50 Ga (this study) 
felsic eruption phase of the Talpada Formation, which is primarily made up of felsic magma, 
leucocratic, low-density, quartz bearing dacitic volcanic rocks (Acharya, 2002; Mukhopadhyay 
et al., 2008; Mukhopadhyay et al., 2012). Age equivalent shallow felsic sills or dykes are found 
to be intrusive within the underlying ultramafic succession of the Kalisagar Formation. 
Agglomerates, volcanic breccia and quartz-phyric tuff deposits with thin interlayered chert 
horizon. This interflow chert marks volcanic quiescence. Similar interflow cherts with fine-
medium grained silicified volcaniclastic sediments in the Barberton Greenstone Belt have 
been regarded to represent condensed section that often mark prolong phase of deep-water 
sedimentation (Lowe and Byerly, 1999).  
Felsic magmatism in the DGB is not only represented in this study by pyroclastic flows but 
also characterized by shallow intrusions. This felsic magmatic event ranges from ca.3.52-3.50 
Ga in the Daitari belt (refer Chapter 7). It could possibly represent coeval TTG magmatism in 
the area but requires further field investigation. Similar transition from mafic-ultramafic style of 
volcanism to a pre-dominant felsic magmatism have been reported in the Barberton belt, for 
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example the Komati and Hooggenoeg formations respectively (Lowe and Byerly, 1999, 2007). 
Lowe and Byerly (1999) regarded such volcanism related to arc magmatism in the BGB, which 
in the Daitari belt may have culminated ca. 3.50 Ga.  
Interestingly, the upper part of the Kalisagar Formation is characterized by an abundance of 
tholeiitic basalt followed by dacitic-rhyodacitic lavas of the Talpada Formation. This bimodal 
suite was subjected to low-temperature hydrothermal alteration processes operational during 
the Palaeoarchaean Eon in the Daitari belt. Similar metasomatic alteration processes close to 
flow tops of the komatiitic and basaltic sequence are documented from the BGB and NGB in 
South Africa (Duchac and Hanor, 1987; Hanor and Duchac, 1990; Paris et al., 1985; Hofmann 
and Wilson, 2007; Hofmann and Harris, 2008). Common to both Kalisagar and Talpada 
formations, are thick altered volcanic rock profiles that are frequently marked by a green and 
laminated black chert units and suggestive of drowning phase locally. This was possible due 
to an exceeded rate of volcanic aggradation resulting in thin sedimentary units of shallow-to 
deep-water settings respectively. Both formations outcrop throughout the Daitari belt except 
nearby Rebana reserve forest. Here the western limb of the Talpada anticline is affected by 
the Rebana fault, whichresulted in apparent thinning of the mafic-ultramafic and felsic volcanic 
rocks in the area.  
Development of a volcanic center resulted in eruption under predominantly sub-aquatic 
conditions leading to volcanic edifices (for e.g., blocky to sub-angular volcanic debris flow) that 
is marked by felsic pyroclastic eruption around volcanic vents. This stage of volcanism is 
marked by broad, subaqueous volcanic cones with felsic volcanic lava flows and mostly 
comprising angular debris. Second stage of eruption is marked by volcanic breccia style 
deposition, later followed by finely laminated lapilli-ash units and development of turbidite 
debris flow deposits. The latter is seen tooccur as high-energy deposits. Felsic volcanism 
formed under sub-aquatic setting with local sub-aerial exposure (?) and emergence of the 
volcanic centers with high-density turbiditic sequence leading to prominent reworking of the 
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volcanic debris. Third stage of volcanism led to construction of large flanking sedimentary 
aprons resulting in high- to low-density energy depositional environments. The Sindurimundi 
sedimentary rocks comprise a fining upward sequence marked by felsic volcanic edifice that 
acted as predominant source material for the deposition of clastic sediments mostly in shallow 
(?)-to deep-marine setting. The flanking sedimentary apron is characterised by high-to low-
density turbidity current deposits during drowning of the volcanic vent under subaqueous 
conditions.  
Occurrence of boulder-pebble conglomerate and breccia indicate proximal source from 
volcanic center. This is followed by cross-stratified tuff-ash deposits suggesting either shallow-
water facies (?) or traction structures resulting from bottom current reworking from the 
Sindurimundi turbidite sequence. Otherwise, in this study, cross-stratified felsic volcaniclastic 
derived sandstone with thin white bands of hydraulically segregated coarse-grained volcanic 
ash-fall deposits may suggest sedimentation under upper shore face or braided-stream 
environments in the DGB. Similar ash-tuff deposits are regarded as basin margin 
volcaniclastic sequences (for example, DiMarco and Lowe, 1989a).  
Interlayered fine-grained shales and reworked tuffaceous units suggest deposition under quiet 
water conditions. The sedimentary succession towards the top thickens with medium to fine-
grained clastic sedimentation, followed by deposition of finely laminated black carbonaceous 
shales. Such sedimentation pattern indicates suspension fall out setting reflecting deep-water 
conditions with a moderate to high influx of dissolved ferrous iron and subsidence of the basin. 
Overall sedimentation style of the Sinduirmundi sedimentary cycle closely resembles an 
oceanic arc setting (cf. DiMarco and Lowe, 1989a, b). The Sindurimundi suite of turbidites that 
are exposed towards the south-western part of the Talpada valley is predominantly marked 
by clastic sedimentation. Towards Tomka, it records a decrease in clastic influx and is mostly 
represented by orthochemical sedimentation. This could be directly linked to the lateral extent 
of the felsic volcanic apron that acted as source terrain for most of the sediments of the 
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Sindurimundi turbidites. The latter is largely exposed at the center of the anticline and pinches 
out laterally towards east and west of the DGB. The formation of the Sindurimundi turbidites 
could be attributed to erosion of the volcanic edifice that resulted indeposition of the 
Sindurimundi sedimentary package, which is marked by shallow (?) to deep-water settings 
with proximal to distal source from the volcanic centre. Followed by the erosion and upliftment, 
parts of the Kalisagar Formation may have acted as potential source terrain for some part of 
the turbidite package in an otherwise felsic volcaniclastic dominated provenance for these 
rocks. To conclude, the presence of pillow lavas within the Sindurimundi Formation not only 
signify sub-aquatic conditions during magmatism but rather impose a major shift in magmatic 
style from predominant felsic (i.e., underlying Talpada Formation) to mafic volcanism in the 
Daitari belt. 
Contrary to the Sindurimundi turbidite succession, the Tomka Formation marks widespread 
deposition of orthochemical sediments such as banded black-and-white chert, and iron-
formation. Sedimentary structures are not common except for a rare occurrence of ripple 
cross-lamination preserved in one particular locality within the banded black-and white-chert 
facies. However, almost all iron formation and banded black- and white-chert are strictly 
representative of deep marine depositional environment and further affirms their clastic-free 
depositional conditions. Overall, based on dominant lithogical make-up, the thick chemical 
sedimentary sequence of the Tomka Formation shares stark similarities with the ‘Buck Reef 
Chert’ of the Barberton Greenstone Belt, South Africa (Byerly et al., 2019).  
Followed by this, the DGB is marked by mafic-magmatism with the occurrence of pillowed lava 
flows of the Talangi Formation, which also records minor komatiites. The Talangi Formation 
is nearly made-up of 70-80% pillowed basalt, which is supportive of a major mafic magmatic 
event under sub-aqueous conditions. The presence of minor interflow laminated black chert 
and granular chert facies confirms the above observation and furthermore attests for 
prominent cessation periods during mafic volcanism of the Talangi Formation. The occurrence 
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of minor komatiite flow from one locality needs to be contemplated for its distribution and 
position within the stratigraphic sequence. Although it is important to note that the Talangi 
Formation unlike the Kalisagar Formation do not possess thick ultramafic lavas or ultramafic 
schists but instead consists predominantly of mafic volcanic rocks and altered units much 
similar to the top part of the Kalisagar Formation. The upper part of the Talangi Formation, 
which is well-exposed nearby Talangi and Tikarparha villages, preserve altered volcanic rocks 
that suggest low-temperature hydrothermal activity in the area (e.g., Duchac and Hanor, 1987; 
Hofmann and Harris, 2008). However, portions of the Talangi Formation exposed north of the 
Rebana fault, preserve a rare occurrence of a thin BIF. This possibly indicate a young age for 
the BIF of the Talangi Formation when compared to those of the Tomka Formation. To 
conclude, the Talangi Formation marks a young phase of volcano-sedimentation style 
deposition in the DGB that predominantly indicates sub-marine settings. 
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3.51 Ga old felsic volcanics and carbonaceous cherts from the 
Gorumahisani Greenstone Belt – Insights into Palaeoarchaean 
record of the Singhbhum Craton, India 
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5.1. Introduction 
Over the past few decades, extensive research conducted on archetypal Palaeoarchaean 
greenstone successions of South Africa and Australia have yielded crucial information for the 
reconstruction of Early Earth surface processes and paleoenvironments (Byerly et al., 2019; 
Hofmann et al., 2019; Van Kranendonk et al., 2019). Detailed investigations of these ancient 
terrains have provided a wide scientific consensus that Palaeoarchaean microbial life 
preserved in the form of carbonaceous remains trapped in cherts was well-established (Tice 
and Lowe, 2004; Tice and Lowe, 2006; Hofmann and Bolhar, 2007; Sugitani, 2019; Alleon and 
Summons, 2019 and references therein).  
In the Singhbhum Craton of India, an exclusive example of low-strain, greenschist facies 
metamorphic grade rocks of Palaeoarchaean age are reported from the Daitari Greenstone 
Belt (Mukhopadhyay et al., 2008, 2012). In addition, the north-eastern part of the Singhbhum 
Craton exposes a well-preserved Palaeoarchaean volcano-sedimentary succession in the 
Gorumahisani Greenstone Belt (GGB; Figure 5.1), which is distributed across the Indian states 
of Jharkhand and Orissa (Mazumdar, 1996; Jena and Behera, 2000). The broadly N-S 
trending GGB consists of an isoclinally folded sequence of metavolcanic and 
metasedimentary rocks that wrap around and are intruded by a variety of Archaean granitoids 
(Chakrabarti et al., 2017), giving rise to a complex outcrop pattern. The supracrustal rocks 
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include submarine mafic-ultramafic volcanic rocks near the inferred base that are followed by 
felsic volcanic rocks and sedimentary units upwards in the stratigraphy (Dunn, 1929; Dunn 
and Dey, 1942; Sengupta, 1990; Jena and Behera, 2000). While the geology has been 
mapped (Dunn and Dey, 1942), details of the stratigraphy of the GGB remain to be 
established, and radiometric ages are lacking. This study reports results from a 
reconnaissance investigation of a small part of the volcano-sedimentary sequence near the 
villages of Udal and Kundarkocha (Figure 5.1) that provide constraints on its age and 
metamorphic grade.  
We begin with a review of current knowledge of the Singhbhum Craton and the regional 
geology of the GGB. Our aim was to investigate if the GGB hosts well-preserved clastic and 
orthochemical sediments of low metamorphic grade that could be a potential target for 
palaeobiological investigations. Therefore, this study not only offers a foundation for future 
work to be conducted in the light of geological evolution of these remarkably preserved, yet 
poorly documented ancient supracrustal rocks from the Singhbhum Craton. But in addition, it 
provides a new window into the Palaeoarchaean Earth and compare ancient supracrustal 
sequences now from India, South Africa, and Australia.  
5.2. Regional geology of the Singhbhum Craton 
The Singhbhum Craton is becoming increasingly known as an important piece of Archaean 
crust with a well-preserved rock record (Sarkar and Saha, 1962; Sarkar et al., 1969; Iyenger 
and Murty, 1982; Saha, 1994; Misra et al., 1999; Jena and Behera, 2000; Mukhopadhyay, 
2001; Misra, 2006; Olierook et al., 2019). The Palaeoarchaean crustal evolution of the 
Singhbhum Craton is recorded in the Older Metamorphic Tonalite Gneiss and the Singhbhum 
Granite Batholitic Complex that together constitute the intrusive magmatic suite of rocks 
responsible for crustal growth from 3.53 to 3.28 Ga. Supracrustal rocks are found in 
greenstone belts (e.g., Gorumahisani-Badampahar and Daitari belts) and the Older 





Figure 5.1. Geological map of the northern part of the Gorumahisani Greenstone Belt, Singhbhum 
Craton, India. Modified after 1:126,700 scale geological map of Dunn and Dey (1942) and Saha (1994). 




5.2.1. Older Metamorphic Tonalite Gneiss (OMTG) suite  
This suite of rocks largely comprises tonalite-trondhjemite-granodiorite (TTG) gneisses, which 
contains enclaves of amphibolite and Older Metamorphic Group and is intruded by the 
Singhbhum Granite Batholitic Complex. The Older Metamorphic Tonalite Gneiss suite is well-
exposed in the north-eastern part of Singhbhum Craton (e.g., Kalikapur, parts of Barhai-
Onlajori and Rairangpur, Figure 5.1).  Two samples from this area provided discordia upper 
intercept U-Pb zircon ages of 3448 ± 19 Ma and 3527 ± 17 Ma (Acharyya et al. 2010b), the 
latter representing the oldest age currently known form these rocks. As reviewed by Olierook 
et al. (2019), the emplacement age of the Older Metamorphic Tonalite Gneiss suite is 
considered to range from c. 3.53 to 3.36 Ga. Interestingly, xenocrystic zircons of Hadean age 
(c. 4.24 to 4.0 Ga) with sub-chondritic (εHf(t) <0) values in ~ 3.40 Ga gneisses have been 
argued for the presence of a felsic crust of Hadean age in the Singhbhum craton (Chaudhuri 
et al., 2018).  
5.2.2. Palaeoarchaean supracrustal rocks 
The Gorumahisani-Badampahar and Daitari belts are composed of volcano-sedimentary 
sequences collectively referred to as the Badampahar Group (Iyenger and Anand Alwar, 1965; 
Iyenger and Murty, 1982; Jena and Behera, 2000). Common volcanic rocks comprise 
komatiite, pillow basalt and felsic volcaniclastic rocks, but the succession also includes 
chemical sedimentary rocks, such as banded iron formations that locally comprise important 
high-grade iron ore deposits (Chakraborty et al., 1980; Acharya, 2002; Ghosh et al., 2017b, 
2019). Despite its economic significance, there is a lack of knowledge on stratigraphic 
relationships, let alone reliable age data or geochemical and petrological datasets. The only 
accurate age currently available from the Badampahar Group is a 3.51 Ga zircon age from 
felsic volcanic rocks (Mukhopadhyay et al., 2008) of the Daitari Greenstone Belt (DGB), 




5.2.3. Older Metamorphic Group (OMG) suite  
This suite includes a variety of supracrustal rocks metamorphosed at amphibolite-facies 
grade. They typically include amphibolite, metachert and mica schist, compositionally similar 
to greenstone assemblages (Jena and Behera, 2000; Hofmann and Mazumder, 2015). A 
meta-sandstone of the Older Metamorphic Group from the central part of the Singhbhum 
Craton yielded U-Pb zircon age at c. 3375 ± 3 Ma (U–Pb SHRIMP), which provides a maximum 
depositional age for the Older Metamorphic Group (Nelson et al., 2014). Upadhyay et al. 
(2014) provided a concordant U–Pb age of 3317 ± 8 Ma from a metamorphic rutile of the Older 
Metamorphic Group from the same area. The Older Metamorphic Group suite in the northern 
part of the Singhbhum Craton is well-exposed south of Haludpukur (i.e., near Kuyali locality, 
Figure 5.1).  
5.2.4. Singhbhum Granite Batholitic Complex (SGBC) suite  
The Singhbhum Granite Batholitic Complex covers an area of 8000 km2 and is best exposed 
in the south-central part of the Singhbhum Craton. Singhbhum Granite Batholitic Complex 
consists of biotite granodiorite to adamellite, which according to Saha (1994) can be divided 
into an earliest granodiorite-trondhjemite phase-I followed by younger (phases II-III) of K-rich 
granodiorites and monzogranites. Granitoids of the Singhbhum Granite Batholitic Complex are 
often intrusive into the gneiss and supracrustal suite of rocks described above (Dey at al., 
2019). They are argued to have been emplaced between c. 3.38 Ga and 3.25 Ga (Nelson et 
al., 2014; Dey et al., 2017, 2019, 2020; Mitra et al., 2019; Pandey et al., 2019), with no clear 
criterion to distinguish between the late phase of Older Metamorphic Tonalite Gneiss 
magmatism with the earliest Singhbhum Granite Batholitic Complex (Dey et al., 2017, 2019; 





5.3. Geology of the Gorumahisani Greenstone Belt  
The Gorumahisani-Badampahar belt is a 120 km-long narrow belt exposed in the north-
eastern part of the Singhbhum Craton (Jena and Behera, 2000). The northern, bifurcating arm 
of the GGB is NW-SE oriented and well exposed near Gorumahisani (Figure 5.1; Jena and 
Behera, 2000). The NNE-SSW-trending southern arm of the greenstone sequence is nearly 
10 km-wide and stretches for 50 km south of Rairangpur. Sylvester et al. (1997) defined 
greenstone belts based on the predominance of mafic-ultramafic rocks with sub-ordinate 
occurrences of sedimentary units, such as shale, greywacke, chert and iron-formation. 
Archetypal greenstone belts worldwide have been named after type localities, such as the 
Barberton greenstone belt after the town of Barberton in South Africa (Viljoen and Viljoen 
1969b). Therefore, we propose to name the Gorumahisani-Badampahar belt exposed nearby 
Gorumahisani, a mountain range and renowned iron-ore mining township, as the 
“Gorumahisani Greenstone Belt” and in order to differentiate it from the Badampahar Group 
that defines its stratigraphy.  
5.3.1. Badampahar Group 
The present study was undertaken in the northern segment of the GGB (Figure 5.1). The 
Badampahar Group is dominated by mafic-ultramafic volcanic rocks together with felsic 
volcanic rocks, cherts and iron-formation. Mafic-ultramafic rocks are now mostly represented 
by variably carbonated and silicified talc-serpentine-chlorite-tremolite and hornblende schists 
(Dunn and Dey, 1942; Sarkar and Saha, 1962; Sengupta et al., 1997; Jena and Behera, 2000; 
Hazarika et al., 2013). Dunn and Dey (1942) regarded tremolite-chlorite schists to largely 
represent metabasalts, whereas carbonated serpentinite schists near Gorumahisani represent 
metamorphosed ultramafic rocks. Spinifex-textured komatiites have been described locally 
(Acharyya, 1993; Sengupta,1990; Bhattacharya et al., 1996; Yadav et al., 2015; Chaudhuri et 
al., 2017; Chakrabarti et al., 2017). Both Al-depleted and Al-undepleted komatiites have been 
reported from north of Gorumahisani near Kapili village (Chaudhuri et al., 2017). Flattened 
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and deformed pillow basalts are abundant in the central part of the GGB (Chakrabarti et al., 
2017). A limited geochemical dataset of mafic rocks from the Gorumahisani-Badampahar area 
was presented by Sengupta et al. (1997) and indicates a tholeiitic affinity. Felsic volcanic units 
comprising agglomerates and fine-grained tuffs form narrow conformable slivers in the 
succession.  
Mafic-ultramafic rocks are intercalated with metre-thick sedimentary units, including green 
chert, black chert, banded black-and-white chert and phyllite, which, together with the 
presence of pillows, have been collectively regarded to indicate overall submarine volcanism 
in the belt (Jena and Behera, 2000). The upper part of the stratigraphy primarily comprises 
volcanogenic sediments (Sengupta et al., 1997).  Mostly orthochemical sedimentary rocks are 
abundant in the northern part of the belt, but are scarce towards the south (Jena and Behera, 
2000). Orthochemical sediments such as banded hematite-quartzites (a.k.a. jasperlitic chert) 
are reported from the different sequences of the volcano-sedimentary succession, the latter is 
associated with iron-ore deposits in the GGB (Dunn, 1937; Dunn and Dey, 1942; Ghosh et al., 
2017b, 2019). Due to local metamorphic effect of the associated granites, hematite-quartzite 
is often recrystallized to banded grunerite rock (Dunn and Dey, 1942). Siliciclastic sedimentary 
rocks in the GGB are predominantly made of carbonaceous phyllite, which nearby 
Kundarkocha are associated with talc-chlorite-biotite schists and Cr-mica schists. 
Carbonaceous phyllites host gold in quartz-carbonate-sulfide veins (Hazarika et al., 2013; 
Sahoo and Venkatesh, 2015).  
5.3.2. Dhosrapahar conglomerate-quartzite succession 
The Dhosrapahar Formation, best exposed in the southern part of the belt, is a sequence of 
conglomerate and quartzite unconformably overlying, but infolded with, the Badampahar 
Group (Mazumdar, 1996; Jena and Behera, 2000), which contains minor gold and uranium 
mineralization (Das et al., 1988). The Dhosrapahar Formation is marked by a polymictic 
conglomerate that consists of clasts of altered schists, BIF and chert, which are largely derived 
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from the underlying greenstone sequence (Nelson et al., 2014; Chakrabarti et al., 2017). 
Detrital gold and uraninite present in the Dhosrapahar Formation are also interpreted to have 
been sourced from the underlying mafic/ultramafic rocks of the Badampahar Group 
(Chakravarti et al., 2017). The maximum age of deposition of the Dhosrapahar Formation is 
constrained by the observation that it unconformably lies on a c. 3285 ± 7 Ma old granodiorite 
(Chakrabarti et al., 2017). Further, recently reported detrital U-Pb zircon ages from a 
conglomerate unit of the Dhosrapahar Formation exposed south of Gorumahisani provided 
major detrital zircon age peaks ranging from 3.45 to 3.30 Ga, while the youngest concordant 
grain dated at c. 3.29 Ga (Ghosh et al., 2019) provides a maximum depositional age for this 
conglomerate-quartzite succession.  
5.3.3. Granitoid gneiss-granite suite surrounding the GGB  
A variety of granitoid gneisses and granites surround the GGB (Figure 5.1; Misra et al., 1999; 
Nelson et al., 2014; Upadhyay et al., 2014, 2019; Chaudhuri et al., 2018; Dey et al., 2019). 
Trondhjemitic gneisses and granodiorites near Gorumahisani-Rairangpur towns have been 
regarded to show intrusive relationship with the Badampahar Group (Sengupta, 1990; Nelson 
et al., 2014). Granitoid-granite suite exposed west of Gorumahisani dated at c. 3332 ± 5 Ma, 
post-dates the emplacement of the ultramafic rocks of the GGB (Sengupta, 1997; Nelson et 
al., 2014; Dey et al., 2017). Additionally, an unfoliated monzogranite with age of 3285 ± 7 Ma 
marks the youngest intrusive phase of SGBC phase-I near GGB (Nelson et al., 2014; 
Chaudhuri et al., 2018). An undeformed granophyre-granite complex, widely known as the 
Mayurbhanj granite, intruded the greenstone succession at around c. 3087 ± 3 to 3080 ± 8 
Ma, (Figure 5.1; Misra et al., 1999; Nelson et al., 2014). Chakraborti et al. (2019) and Misra et 
al. (1999) suggested that Mayurbhanj and coeval granite complexes are representative of 
Mesoarchaean anorogenic/post-collisional magmatic event, which marks a widespread felsic 




5.3.4. Structure and mineralization 
An initial stage of deformation (D1) resulted in development of tight-isoclinal folds of the 
greenstone sequence and related schistosity is preserved as S1 fabric defined by axial planar 
foliation within the metavolcanic and metasedimentary rocks. This schistosity is parallel to 
compositional layering, which is often seen to be sub-vertical; the fold axis shows a steep 
north-eastern plunge (Sengupta et al., 1997; Jena and Behera, 2000). The second stage of 
deformation (D2) is recorded by an axial planar spaced cleavage (S2) of SE plunging regional 
folds, which controls the topography of the area (Jena and Behera, 2000; Hazarika et al., 
2013). The OMTG suite and SGBC granitoid-granite suite surrounding the GGB older than c. 
3.3 Ga, show well-developed foliation (Acharyya et al., 2010b; Chaudhuri et al., 2018). In 
addition to this, the Dhosrapahar sedimentary unit with a maximum age of c. 3.29 Ga, near 
Badampahar is isoclinally folded and co-axial with D1 and D2 phases of deformation. The third 
stage of deformation (D3) resulted in open folds (Ghosh et al., 2019). The c. 3.01 Ga old 
undeformed Mayurbhanj granite is intrusive into the GGB, thus post-dating the several 
deformation events of the GGB (Acharyya et al., 2010b; Chakrabarti et al., 2017; Ghosh et al., 
2019). Sahoo and Venkatesh (2015) studied the occurrences of gold from the Kundarkocha 
mine and suggested that gold mineralization was closely linked to sheared quartz-carbonate-
sulfide veins in carbonaceous schist and phyllite together with talc-chlorite-serpentine schist 
in the GGB. Gold mineralization in the Kundarkocha area is structurally controlled (Dunn, 
1941; Ziauddin and Narayanaswami, 1974) and related to ENE-oriented auriferous smoky-
quartz veinlets parallel to axial planar fold Prasad (1988).  
5.3.5. Alteration and metamorphism 
The GGB was subjected to multiple alteration events, including an early phase of evenly 
distributed silicification and/or carbonation, which was later followed by regional 
metamorphism (Dunn and Dey, 1942). Chert was largely regarded as a secondary rock that 
formed due to silicification of shale/phyllite (Dunn and Dey, 1942; Ziauddin and 
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Narayanaswami, 1974). Dominant mineral assemblage and geothermometry studies have 
estimated metamorphic conditions ranging from greenschist to lower-amphibolite facies grade 
(Prasad Rao et al., 1964; Saha, 1994; Sahoo and Venkatesh, 2014). Nelson et al. (2014) 
noted the regional metamorphism in the GGB around c. 3.3 Ga. This is in accordance with 
recently dated metamorphic rutile from the Older Metamorphic Group suite at c. 3.3 Ga that 
reflects post-peak-metamorphic cooling subsequent to high-grade metamorphism of the Older 
Metamorphic Group schists exposed in the western part of the Singhbhum Craton (Upadhyay 
et al., 2014). Geothermometry studies have been conducted on sulfides associated with 
carbonaceous phyllites in Kundarkocha area; loellingite-arsenopyrite and arsenopyrite + pyrite 
+ pyrrhotite thermometry provided temperature estimates of 560°C to 360°C ± 40°C 
respectively. These geothermometry results were argued to indicate prograde to retrograde 
metamorphic conditions in the Kundarkocha area (Sahoo and Venkatesh, 2014).  
5.4. Sampling and Methodology 
Samples used in this study include one felsic volcaniclastic rock (GUD-3) and three chert 
samples (GUD-1D, 2B and 7C) collected near Udal and Kundarkocha village (see 
supplementary material S1 for details). All samples were prepared for polished thin sections 
and studied using optical microscopy. Raman spectroscopy was applied to the chert samples. 
Sample GUD-3 was processed for geochemical and geochronological analyses.  
5.4.1. Whole-rock major oxide and trace element analyses 
A fresh sample of felsic volcaniclastic rock (GUD-3) was pulverized using an agate mill for 
major and trace-element geochemistry. Major elements were measured using XRF facility at 
Spectrum Lab, University of Johannesburg. Trace element analyses were determined at the 
School of Geosciences, University of the Witwatersrand, using a Perkin Elmer Sciex ELAN 
DRC-e Inductively Coupled Plasma-Mass Spectrometer, against primary standard solutions 
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and validated against certified standard rock materials. Details of the analytical procedures 
can be found in Siahi et al. (2018).  
5.4.2. Zircon U–Pb and Lu–Hf isotope analyses 
Zircon crystals were separated using standard techniques, such as panning and magnetic 
separation. Individual zircon crystals were hand-picked and mounted on epoxy resin discs 
which were polished to expose the internal parts of zircon crystals. Prior to analysis, 
cathodoluminescence (CL) imaging of the zircons was undertaken to reveal internal textures 
and growth stages on a Tescan Vega scanning electron microscope (SEM) to select the best 
positions for LA-ICP-MS U-Pb analysis. This was followed by U-Pb and Lu-Hf isotope analysis 
by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS, see 
Supplementary file S1 for information on analytical procedures).  
5.4.3. Laser Raman analyses 
Raman spectroscopy was conducted on two chert samples (i.e., GUD-1D, 2B) collected from 
Udal and a silicified carbonaceous phyllite (GUD-7C), south of Kundarkocha gold mine to 
understand the degree of preservation of the carbonaceous matter in these rocks and estimate 
their metamorphic grade. Details of the analytical procedure are provided in the 
Supplementary file S1 and corresponding Raman spectra results can be found in 








5.5.1. Lithologies and field relationships 
In this study, I investigated a small segment of the greenstone sequence in two areas in the 
northern part of the GGB. The first area is south of Kundarkocha gold mine and largely 
comprises mafic-ultramafic rocks intercalated with cherts and silicified carbonaceous phyllites. 
The second area is situated north-east of Udal village, where steeply dipping banded chert 
forms a prominent ridge. Chert is intercalated with felsic volcaniclastic rocks and younging is 
towards the west. 
5.5.1.1. Kundarkocha- The Kundarkocha area hosts variably altered ultramafic rocks 
and deformed ocelli-bearing pillow-basalts (Figure 5.2a-b), which are associated with green 
chert, massive black chert and silicified carbonaceous phyllites. Carbonaceous cherts are 
largely represented by planar laminated and massive varieties. Massive black chert in places 
is represented by several metres wide veins that contain irregular host rock fragments, such 
as silicified ultramafic rock and black chert fragments (Figure 5.2c). Angularity of the 
fragments, and common preservation of a jigsaw fit suggests hydraulic fracturing in a 




Figure 5.2. a) Deformed ocelli-bearing pillow basalt. b) Close-up view of ocelli-bearing basalt. c) 
Fragments of silicified ultramafic rock embedded in a vein-fill of black chert. Orange stippled lines show 
the silicified ultramafic clasts outlines. Note the presence of angular black vein chert, which is shown 
by white stippled line. 
 
5.5.1.2. Udal- Felsic volcaniclastic rocks studied north of Udal village underlie a prominent 
chert unit largely made of bedded black-and-white banded chert. Felsic volcaniclastic rocks 
are strongly foliated but in places preserve primary textures. They are represented by a 
heterogeneous assemblage of ash and larger volcaniclastic particles (Figure 5.3a). The size 
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of these clasts can reach up to ~20cm in long axis, but typically they comprise medium- to 
fine-grained lapilli-size particles preserving quartz and plagioclase/orthoclase phenocrysts 
(Figure 5.3b). The felsic volcaniclastic unit is transected by abundant chert veins in a 2m-wide, 
strongly silicified interval stratigraphically below banded black-and-white chert, a relationship 
used as reliable way-up indicator in the Udal area and elsewhere (cf. Hofmann and Bolhar, 
2007). Cherts are dominated by banded black-and-white chert, massive black vein chert, and 
granular chert. Banded black-and-white chert (Figure 5.3c) forms distinct alternating bands of 
black carbonaceous matter-rich and white pure-silica chert. In places, black chert veins filled 
largely with granular chert cross-cut the bedding at high angles, with stratiform veins 
sometimes branching of the main vein (Figure 5.3c).  
5.5.1.3. Banded-black and-white chert 
Black-and-white banded chert observed in this study is a sedimentary rock with structures and 
textures identical to those described from other Palaeoarchaean greenstone belts from South 
Africa and Australia, such as Barberton, Nondweni, Marble Bar and Panorama greenstone 
belts (Van Kranendonk et al., 2002; Tice and Lowe, 2006; Hofmann and Bolhar, 2007; 
Hofmann and Wilson, 2007). This type of chert consists of layers that range from several mm 
to about 12 cm in thickness (Figure 5.3d). The white chert bands are massive to crudely planar 
laminated and are made up of microcrystalline quartz that is off-white in colour on weathered 
surfaces but translucent on fresh surfaces. The dark bands are glossy black in appearance 
and often form crudely to finely laminated layers made up of microcrystalline quartz with 
carbonaceous matter. Slab-like fragments of the white bands are often observed within a 
matrix of massive black chert. These chert slab conglomerates suggest early lithification of 
white chert followed by sediment disruption prior to lithification of black chert (Figure 5.3e). 
The black chert is predominantly composed of carbonaceous matter and minor carbonate 
replaced by silica. Carbonaceous matter is mostly preserved as fine laminae often separated 




Figure 5.3. c) Black chert vein cutting across banded black-and-white chert. Note the vein outline is 
indicated by stippled white lines in the photograph. d) Bedded banded-black and-white chert. Yellow 
pen in the middle is ~10 cm in length. e) Chert slab-conglomerate. White chert clasts in black chert 




5.5.1.4. Granular chert 
Granular chert occurs as stratiform layers or cross-cutting veins (Figure 5.3c). Granular chert 
is often associated with banded black-and-white chert, where it forms the matrix of chert slab 
conglomerates. It comprises sand-sized carbonaceous grains, silica grains (Figure 5.4a), and 
more fine-grained, evenly distributed carbonaceous matter in a microcrystalline silica cement 
(Figure 5.4b). Silica grains often occur as sub-rounded to rounded grains largely devoid of 
carbonaceous matter, but occasionally preserve trace carbonaceous matter (Figure 5.4a–b). 
In addition to silica granules, sand-sized, carbonaceous particles similar to the lobate grains 
of Walsh and Lowe (1999) are abundant in the granular chert facies (Figure 5.4c). Otherwise, 
carbonaceous matter is preserved as tiny wisps, and/or finely distributed carbonaceous 
material as matrix (Figure 5.4a–b). The former includes tightly packed carbonaceous matter, 
whereby their long axes are often sub-parallel to the bedding plane, which is composed of tiny 
aggregates of carbonaceous matter cemented by microcrystalline quartz and interpreted as 
compacted soft carbonaceous grains (Figure 5.4d; cf. Walsh and Lowe, 1999; Tice and Lowe, 
2006). Both sand-sized silica granule and carbonaceous matter are generally flattened parallel 
to bedding either due to compaction or later deformation or both (Figure 5.4d).  
5.5.2. Felsic volcaniclastic rock – petrography and chemical 
composition 
Felsic volcaniclastic rock (GUD-3) studied under the microscope is mostly composed of K-
feldspar, quartz, chlorite, sericite, muscovite (Figure 5.4e), minor carbonate and accessory 
minerals, such as titanite, zircon, and Fe-Ti oxide. The quartz phenocrysts are sub-angular to 
sub-rounded and are set in a fine-grained sericite matrix with minor chlorite (Figure 5.4f). 
Feldspar phenocrysts are frequently strongly sericitized (Figure 5.4f).  
GUD-3 has a SiO2 content consistent with dacite or rhyolite (71.60 wt.%), similar to dacitic 
volcanic rocks of the Daitari Greenstone Belt (Supplementary file table S2).  It has a high K2O 
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content of 7.30 wt.% and a K2O/Na2O ratio of 52.22, a feature likely related to Na removal by 
alteration common for Palaeoarchaean felsic volcanic rocks subjected to sea-floor alteration 
(Agangi et al., 2018).  
 
Figure 5.4. Thin section photomicrographs of granular chert (a–d), felsic volcanic rock (e–f). a) Sub-
spherical, sand-sized silica granule with trace carbonaceous matter (1), pure silica granule (2) and 
carbonaceous wisps (3). b) Enlarged image of a sub-spherical silica granule with trace carbonaceous 
matter, which is surrounded by fine grained carbonaceous-silica matrix. c) Lobate silicified 
carbonaceous grain (shown by white arrow) that represent detrital/reworked clast of sediment rich in 
carbonaceous matter. d) Granular chert with flattened silica granules (marked by white arrow) and 
carbonaceous matter. e) Felsic volcaniclastic rock showing presence of angular quartz (white arrow) 
and fine-sericite rich matrix (black arrow). f) Felsic volcaniclastic rock with chlorite-sericite matrix (white 




Intense sericitization and removal of Na associated with hydrothermal alteration have also 
been reported from the Daitari belt felsic volcaniclastic rocks (Mukhopadhyay et al., 2008, 
2012). In a primitive mantle-normalized multi-element plot sample GUD-3 (Figure 5.5a) shows 
negative anomalies for Sr, P and Ti and a broad negative Nb-Ta anomaly similar to felsic rocks 
from the Daitari Greenstone Belt. Potassium, Ba and Rb contents (Ba ≤937 ppm) are on 
average higher than felsic volcanic rocks of the Daitari belt. A chondrite-normalized rare earth 
element (REE) plot (Figure 5.5b) shows enriched light rare earth elements (LREE) similar to 
felsic rocks from the Daitari greenstone sequence but more pronounced heavy REE 
fractionation represented by (Gd/Yb)N ~5.40. The low Sr value is likely related to feldspar 
alteration as indicated by the very low Na2O content of the sample. 
 
Figure 5.5. a) Primitive mantle-normalized trace element plot (McDonough and Sun, 1995) of GUD-3 
(see Appendix A2, Table 2 and 3, dark orange) after superimposition of trace element data of the DGB 
dacite suite from Mukhopadhyay et al. 2012, which is shown in yellow background here. b) Chondrite 
normalized trace element plot (Sun and McDonough, 1985) of GUD-3 (dark orange) superimposed with 
REE data of the DGB dacite suite from Mukhopadhyay et al., 2012, which is highlighted in yellow 
background. 
 
5.5.3. Zircon U–Pb age determination and Lu-Hf isotope data 
Zircon crystals comprise a homogeneous population of pink, euhedral crystals that display 
oscillatory zoning under cathodoluminescence (Figure 5.6). Zircon crystals are free of any 
visible cores. Their size ranges from 50 to 150 µm. Thirty-five spot analyses were conducted 




Figure 5.6. Representative cathodoluminescence (CL) images of magmatic zircon crystals from sample 
GUD-3, round spots illustrate the positions of U-Pb and Lu-Hf LA-MC-ICP-MS analyses with 
corresponding age 207Pb/206Pb (in Ma), and εHf(t) values. 
 
Twenty-six analyses show a degree of concordance between 90 and 110% and provide 
207Pb/206Pb ages ranging from 3531 ± 9 Ma to 3459 ± 12 Ma (Figure 5.7a inset). Some of the 
younger grains are more discordant, while there are two age groups discernible. 207Pb/206Pb 
dates of 20 zircon crystals are all concordant with very similar Th/U ratios (Figure 5.7a), 
yielding an average 207Pb/206Pb mean age of 3510 ± 3 Ma (MSWD=2.0 and 95% confidence; 
refer Supplementary table S3), which I interpret as the emplacement age of the felsic volcanic 
rock. Four slightly older zircon crystals provided a mean 207Pb/206Pb age of 3529 ± 8 Ma 
(MSWD= 0.053 and 95% confidence), which I interpret to reflect xenocrystic zircon crystals 
(Figure 5.7b).  
Lu-Hf analyses of twenty concordant zircons were performed directly on top of the U-Pb spots. 
The results are reported in a εHf(t) vs. age diagram (Figure 5.7c), with chondritic uniform 
reservoir (CHUR) parameters of Bouvier et al. (2008), (176Lu/177Hf = 0.0336; 176Hf/177Hf = 
0.282785) and depleted mantle (DM) evolution of Griffin et al. (2002), (176Lu/177Hf =0.0384), 
assuming a linear evolution from c. 4.5 Ga onwards with Lu/Hf~0. Initial Hf compositions were 
calculated using the concordant U-Pb age of 3510 ± 3 Ma, with initial 176Hf/177Hf values that 
range from 0.280474 to 0.280523. The zircons analyzed show εHf(t) values between -1.25 to 
0.47 and are thus near chondritic. 176Lu/177Hf ratios vary between 0.03654x10-2 to 0.13808 





Figure 5.7. (a-b) Concordia diagrams for LA-ICP-MS zircon analysis (Appendix 2, Table 4) of felsic 
volcanic rock (GUD-3) of the Gorumahisani Greenstone Belt. a) Age ellipses for each analysis are 
defined by 1-sigma errors in 207Pb/235U, 206Pb/238U and 207Pb/206Pb; 20 concordant zircon crystals 
provided with a 207Pb/206Pb mean age of 3510 ± 3.0 Ma. b) Xenocrystic age representation of sample 
GUD-3, which is recorded by 4 concordant and near-concordant zircon crystals. c) Plot showing the 
εHf(t) values vs. U-Pb ages of magmatic zircon crystals from the felsic volcanic rock (GUD-3) of the 





5.5.4. Raman characterisation of carbonaceous matter  
In this study, I analyzed carbonaceous matter (see Supplementary material S1 for details) of 
three chert samples (i.e., GUD 1D, 2B and 7C) to understand the degree of carbonaceous 
matter organization/crystallization and to evaluate peak metamorphic conditions. The Raman 
spectra of the GGB cherts lack D3 and D4 bands, therefore, I adapted the model of Beyssac 
et al. (2002) to estimate the tentative geothermometry. Representative spectra from each 
sample are shown in Figure 5.8a, b and c). Peak temperatures (T; calculated according to 
equation 2) were calculated using the R2 (equation 1)) ratio of Raman geothermometer that 
is suitable for low to high-grade rocks ranging from 330°C to 650°C (± 50)°C (Beyssac et al., 
2002). R2 can be recorded by the relationship among band area (A) of three spectra (D1, D2, 
and G), as in equation 1. 
R2 = AD1/ (AD1 + AD2 + AG) (1) 
with  
T = -445 * R2 + 641 (±50°C) (2) 
The first-order spectra of carbonaceous matter were decomposed into a three-peak model as 
adapted from Beyssac et al. (2002) at approximately 1350 cm-1 (D1), 1604 cm-1 (G), and 1626 
cm-1 (D2). The average band parameters and calculated ratios used for characterization of the 
carbonaceous matter are listed for all the analysed types of carbonaceous matter, and 
respective samples in Supplementary material S4. Raman spectra were acquired from 
different carbonaceous grains and surrounding carbonaceous matrix. Acquired Raman 
spectra are characterised in the first-order region by a well-developed D1- and G-band with 
minor up-shifted shoulder (D2 band). Two chert samples from the Udal area were analyzed: 
a black vein chert ( GUD-1D) provided a temperature estimate between 450 to 475 (±50)°C, 
and a stratiform granular chert ( GUD-2B) yielded a temperature range of 460 to 484 (±50)°C. 
A carbonaceous chert ( GUD-7C) of Kundarkocha locality, experienced thermal heating 
between 423 to 460 (±50)°C. Raman spectra within each sample show an uncertainty of 
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temperature range approximately 7 to 14°C and R2 values within 0.016 to 0.031 (at 1-σ 
confidence level; see Supplementary file S4). I conclude that the cherts of the GGB reached 
an average peak temperature of 460 (±50)°C, which indicates medium to upper greenschist 
facies metamorphism (cf. Kouketsu et al., 2014) in the study areas (Figure 5.8a-c). 
 
Figure 5.8. (a-c) Raman spectra of carbonaceous matter preserved in the cherts of the Gorumahisani 
belt and deconvoluted mean Raman spectra calculated from carbonaceous matter of chert samples 
GUD-1D, 2B, and 7C (Appendix A2, Table 6). a) Raman spectra geothermometer provided average 
temperature estimates for black vein chert (GUD-1D) 462 (±50)°C. b) Stratiform granular chert (GUD-








5.6.1. Felsic magmatism of the Gorumahisani Greenstone Belt  
The GGB consists of a locally well-preserved Palaeoarchaean greenstone assemblage that 
includes komatiite, pillow-basalt, felsic volcanic/volcaniclastic rock, iron formation, and 
abundant banded chert. The age of 3510 ± 3 Ma obtained from the felsic volcaniclastic rocks 
is considered to reflect the time of felsic volcanism in a setting otherwise dominated by mafic 
to ultramafic volcanic activity. The age is indistinguishable from the age of 3507 ± 2 Ma 
reported by Mukhopadhyay et al. (2008) for dacitic volcanic rocks from the DGB. In addition, 
the DGB shares stark similarity with the GGB in terms of overall lithologies present, although 
more detailed field and geochronological work is required to study these two geographically 
separated greenstone belts. The presence of zircon xenocryts dated at 3529 ± 8 Ma in the 
felsic volcaniclastic rocks either indicate physical reworking of somewhat older felsic volcanic 
components that may be present in the GGB or incorporation of slightly older felsic basement 
material in the magma source that must have had a similar crustal evolution as the zircons 
show the same Hf isotopic composition. The U-Pb zircon age of 3527 ± 17 Ma from a granitoid 
gneiss reported by Acharyya et al. (2010b) from the Kalikapur area NE of the GGB (Figure 
5.1) is indistinguishable from the obtained U-Pb age of the felsic volcaniclastic rocks of the 
GGB. Hence, the granitoid may represent the plutonic equivalent to the felsic volcanic rocks 
in the GGB. 
Nearly 10% of detrital zircon ages obtained from Mesoarchaean Mahagiri/Keonjhar quartzite 
that non-conformably overlies the granitoid-greenstone basement of the Singhbhum Craton 
cluster around c. 3.53-3.51 Ga (Mukhopadhyay et al., 2014, 2016; Sreenivas et al., 2019, 
Ranjan et al., 2020). This suggests widespread crust formation process in the form of felsic 
volcanism and/or plutonism in the Singhbhum Craton ~ 3.5 Ga ago. The chemical composition 
of the 3.5 Ga Gorumahisani felsic volcaniclastic rocks, although based on one sample, is 
broadly similar to those described from the DGB, but also from contemporaneous rock suites 
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in South Africa and Australia. The MREE-HREE fractionation is suggestive of melt derivation 
from relatively deep in the crust in the garnet stability field or amphibole fractionation during 
magma evolution (Liou and Guo, 2019). Such highly fractionated TTG-like trace-element 
patterns in combination with a high K content may reflect melting of mafic crust subjected to 
seafloor alteration, including K-metasomatism (Agangi et al., 2015), as the origin of the felsic 
magma. A young, largely juvenile mafic source is also indicated by the absence of much older 
zircon xenocrysts and the zircon Hf data close to chondritic values. This is in accordance with 
Hf isotope data from 3.3 to 3.5 Ga Singhbhum granitoids that generally are close to chondritic 
to supra-chondritic composition (Dey et al., 2017, 2019; Upadhyay et al., 2019; Figure 5.7c). 
Detrital zircon grains dated around c. 3.53 to 3.51 Ga also yielded chondritic εHf(t) values that 
range from -1.0 to 3.1 (Sreenivas et al., 2019; Ranjan et al., 2020). This is in contrast to 
Hadean to Eoarchaean zircons grains found as xenocrysts or as detrital grains that generally 
show sub-chondritic εHf(t) values between -9.7 to -2.5 (Chaudhuri et al., 2018, Miller et al., 
2018; Sreenivas et al., 2019), arguing for the involvement of an older crust that so far remains 
elusive. It is however clear from field, petrographic, geochemical and geochronological studies 
that around 3.5 Ga ago a widespread event of felsic magmatism involving juvenile sources 
took place in the Singhbhum Craton.  
Palaeoarchaean felsic volcanic rocks dated at c. 3.51-3.53 Ga are present in the lowermost 
part of the stratigraphic pile of the Onverwacht and Warrawoona groups of the Kaapvaal and 
Pilbara cratons, and both are marked by amphibolite facies metamorphism (Van Kranendonk 
et al., 2002; Kröner et al., 2013; Xie et al., 2012). Conversely, the felsic volcaniclastic rocks 
dated at c. 3.51 Ga from the GGB are metamorphosed to greenschist facies, and even older 
supracrustal rocks underlying the felsic volcanic rocks are present. Therefore, the GGB offers 
an excellent window to investigate well preserved supracrustal rocks older than those found 




5.6.2. Timing of deposition of the GGB volcano-sedimentary sequence  
The age of the GGB can be bracketed by the U-Pb zircon age of felsic volcanic rocks dated 
here and the intrusive granitoid into the belt at c. 3332 ± 5 Ma (Nelson et al., 2014). The 
proposition by Ghosh et al (2019) that the Dhosrapahar sedimentary unit represents the base 
of the GGB and that the succession was deposited c. 3.25 to 3.10 Ga cannot be upheld. 
Several lines of evidence preclude such assumptions: 
1. Our study indicates the presence of felsic volcaniclastic rocks as old as c. 3.51 Ga 
within the greenstone package. The conglomerate-quartzite sequence dated by Ghosh 
et al. (2019) contains ~ 3.5 Ga old detrital zircons, which point to the felsic volcanic 
rocks having served as source material.  
2. Jena and Behera (2000) emphasized the absence of any siliciclastic sedimentary 
succession at the base of the Badampahar Group. They have noted an unconformable 
relationship between the greenstone succession and the overlying Dhosrapahar 
Formation.  
3. Nelson et al. (2014) and Chakravarti et al. (2017) reported abundant clasts of green 
chert, black chert and iron formation within the Dhosrapahar Formation conglomerates. 
Therefore, the presence of abundant greenstone-derived clasts in the conglomerate 
sequence, is evidence for its young age. Chakravarti et al. (2017) further reported on 
the occurrence of detrital gold within the conglomerate unit apparently sourced from 
the older greenstone sequence.  
5.6.3. Raman spectroscopy and metamorphism 
Carbonaceous matter preserved in carbonaceous cherts from the Kaapvaal and Pilbara 
cratons have been investigated to examine morphological and geochemical signals in the 
search for biosignatures (Walsh and Lowe, 1985; Walsh, 1992; Schopf, 1993; Ueno et al., 
2006a; Schopf et al., 2018). Organic material in any metasedimentary rock will have 
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experienced burial, diagenesis and metamorphism that led to changes in the primary organic 
precursor (Beyssac et al., 2004; Sforna et al., 2014). With an increase in metamorphic 
conditions thermal maturation of carbon is intensified, which is recorded by the crystallinity of 
sp2 carbons that result into highly aromatic structures or microcrystalline graphite (Bustin et 
al., 1995, Tice et al., 2004, Sforna et al., 2014). Raman spectroscopy is a non-destructive 
method widely used not only to examine the structural order of altered organic material in 
carbonaceous sediments, but also to understand the regional metamorphic history of 
metamorphic terrains (i.e., Raman geothermometry). In addition, it provides insights into 
carbonaceous precursor material and its maturational pathways within the host rock (Tice et 
al., 2004, van Zuilen et al., 2007; Marshall et al., 2007; Sforna et al., 2014; Greco et al., 2018). 
Previous studies on carbon preserved in metasediments have indicated that the process of 
graphitization is irreversible, which means that metamorphosed carbon records the peak 
metamorphic conditions (Beyssac et al., 2002; Lahfid et al., 2010; Sforna et al. 2014). 
Carbonaceous sediments of the GGB likely experienced multiple episodes of thermal 
overprint. A first event may have been related to sea-floor hydrothermal alteration processes, 
as evidenced by widespread silicification and chert veining. A later event included regional 
scale greenschist facies metamorphism. Fine carbonaceous laminations and carbonaceous 
grains were targeted in this study to understand the variation in Raman spectra. The former 
provided a similar range of temperature when compared to carbonaceous grains. Our Raman 
geothermometry results indicate that the Udal and Kundarkocha area have experienced peak 
metamorphic conditions of ~440 to 470°C. Raman spectra of carbonaceous matter from the 
GGB are identical between samples GUD-1D and 2B with minor variation in sample GUD-7C, 
which suggests a similar degree of structural ordering attained during metamorphic conditions 
in the area. Sample GUD-7C, collected from the Kundarkocha area, yielded the lowest 
average temperature of ~440°C, suggesting a slightly lower metamorphic grade. The current 
study is restricted to the Udal and Kundarkocha area of the GGB and regional scale sampling 
from different stratigraphic levels would be required to pinpoint areas that have experienced 
the least degree of overprint and thus highest degrees of preservation.  
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Our Raman thermometry results are in accordance with the metamorphic conditions estimated 
by mineral assemblages in the GGB area (Dunn and Dey, 1942; Prasad Rao et al., 1964; Jena 
and Behera, 2000). They are slightly higher than the arsenopyrite-pyrite-pyrrhotite 
geothermometer estimate of ~360°C and much lower than the loellingite-arsenopyrite 
geothermometer estimate at ~560°C (Sahoo and Venkatesh, 2015). However, the 
geothermometry studies of Sahoo and Venkatesh (2015) on sulfides do not necessarily 
provide the regional metamorphic conditions of the GGB, but may represent snapshots of a 
late-stage fluid circulation in the Kundarkocha area. Furthermore, the pressure dependence 
of the arsenic content of arsenopyrite makes the applicability of these thermometers 
questionable in the light of a lack of geobarometry (Sahoo and Venkatesh, 2015).  
Palaeoarchaean carbonaceous cherts of the Kaapvaal and Pilbara cratons that have 
preserved morphological evidence for life have experienced greenschist facies 
metamorphism. Raman geothermometry estimates are between 320 and 360 (±30)°C for the 
best-preserved material (Tice et al., 2004; Sforna et al., 2014; Greco et al., 2018; Alleon et al., 
2018) indicating a much lower thermal overprint (and thus better preservation) as compared 
to the cherts from the GGB. Nevertheless, systematic work in the Gorumahisani (and Daitari) 
greenstone belt may allow for the discovery of carbonaceous cherts that have experienced 
temperatures lower than ~ 440°C, the average temperature encountered by rocks from the 
Kundarkocha area.  
5.6.4. Gorumahisani Greenstone Belt: A repository for future 
palaeobiological study 
The low-grade metamorphic overprinting of Palaeoarchaean cherts younger than ~ 3.5 Ga in 
South Africa and Australia allow to document the depositional environments of the sediments 
and the organic remains of early life activity (Walsh, 1992; Tice and Lowe, 2004; Westall et 
al., 2006, 2015; Sugitani et al., 2010, 2015; Kremer and Kaźmierczak, 2017; Alleon et al., 
2018, 2019; Hickman-Lewis et al., 2018). In spite of peak metamorphism around 300°C, 
168 
 
organic microfossils in the 3.4 Ga Strelley Pool Chert were demonstrated to exhibit a high 
level of elemental and molecular preservation (Alleon et al., 2018), likely because of early 
silicification that limited the molecular degradation of organics, as suggested by experimental 
work (Alleon et al., 2016a; Igisu et al., 2018). Rocks older than 3.5 Ga are generally highly 
metamorphosed to the point where metamorphic carbon persists only in the form of crystalline 
graphite, which does not constitute a reliable biosignature (Alleon and Summons, 2019).  
Carbonaceous cherts as old as c. 3.55 Ga are present in the Theespruit and Toggekry 
formations of the Barberton and Nondweni greenstone belts of the Kaapvaal Craton, but they 
have undergone amphibolite–facies metamorphism that led to intense recrystallization, thus 
obscuring any potential biosignatures preserved in these cherts (Diener et al., 2005; Hofmann 
and Harris, 2008; Xie et al., 2012; Saha et al., 2012; Kröner et al., 2013). However, ≤ 3.48 Ga 
old sedimentary rocks of South Africa and Australia still preserve non-graphitized 
carbonaceous matter due to peak temperatures around 350°C (e.g., Hickman-Lewis et al., 
2018; Baumgartner et al., 2019). 
Vestiges of early life have been reported from carbonaceous cherts as spindle-shaped 
microfossils, coccoidal assemblages, thread-like filamentous colonies or reworked microbial 
mat-like laminations (Walsh, 1992; Tice and Lowe, 2004; Sugitani et al., 2010, 2015; Westall 
et al., 2015; Kremer and Kaźmierczak, 2017). There are no greenschist facies rocks older than 
3.48 Ga anywhere in the Pilbara and Kaapvaal cratons, therefore the ~3.51 Ga old 
carbonaceous sediments of the GGB may still hold vital insights into early life. So far there is 
no direct morphological evidence to support a biogenic origin of these microstructures, but 
notably the detrital carbonaceous aggregates reported here share textural and morphological 
similarities with carbonaceous aggregates reported from the Buck Reef Chert and Apex Chert, 
some of which have been interpreted as ripped-up and reworked microbial mats (Tice and 
Lowe, 2006; Hofmann et al., 2013; Westall et al., 2015). Therefore, a detailed study of the 
carbonaceous matter and silica granules observed in the GGB cherts is warranted to allow 
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further comparative work from Kaapvaal and Pilbara cratons on early life and Archaean silica 
cycle respectively (cf. Stefurak et al., 2015). 
5.7. Conclusion 
The dating of felsic volcaniclastic rocks at 3510 ± 3 Ma provide for the first time an age for the 
volcano-sedimentary sequence of the Gorumahisani belt exposed in the north-eastern part of 
the Singhbhum Craton. Together with a prominent population of c. 3.5 Ga detrital zircons 
reported from younger Mesoarchaean sediments, this reveals an important felsic magmatic 
event in the Singhbhum Craton at that time, contemporaneous with felsic magmatism in the 
Kaapvaal and Pilbara cratons. Near chondritic Hf-in-zircon data indicate a juvenile source for 
these felsic rocks. The Gorumahisani Greenstone Belt also shares a similar lithological and 
time-stratigraphic make-up with the Daitari Greenstone Belt situated c. 150 km to the SSW. 
Widespread hydrothermal processes on the Palaeoarchaean sea-floor gave rise to the 
formation of carbonaceous cherts upon silicification of chemical sediments. Raman 
geothermometry of the carbonaceous matter indicates a maximum of greenschist facies 
metamorphic conditions, which is consistent with the regional metamorphic peak mineral 
assemblages. The carbonaceous cherts of the Udal and Kundarkocha areas have close 
lithological similarities with those from the Barberton belt, South Africa, and East Pilbara 
Craton, Australia. Considering the sparse sedimentary record of these two cratons older than 
c. 3.5 Ga, low-strain sedimentary rocks below the 3.51 Ga felsic volcaniclastic unit of the GGB 
represent prime targets for future palaeobiological studies.  
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Geochemistry of the volcano-sedimentary rocks of the Daitari 
Greenstone Belt 
6.1. Brief introduction on Archaean komatiites and models of their 
origin and source 
Komatiites are high-Mg ultramafic (>18 wt.% MgO; Le Bas, 2000) volcanic rocks common in 
the Archaean (Arndt, 1994, 2003; Groove and Parman, 1997, Kareem, 2005; Robin-Popieul 
et al., 2012; Sossi et al., 2016; Wilson, 2019; and references therein). Arndt and Lesher (2004) 
argued for characterisation of komatiites not only based on geochemistry but their diagnostic 
spinifex texture, the latter preserves large skeletal or dendritic crystals of olivine or pyroxene.  
Komatiites were derived from elevated degrees of mantle melting over 30% at great depths (~ 
400 km) (Sun and Nesbitt, 1978; Herzberg, 1992). They are thought to represent volatile rich 
magmas, which were emplaced primarily as lava flows but occasionally as shallow-level sills, 
and in rare cases as explosively. The oldest known well-preserved komatiites were first 
described from the type-section in the Komati River Valley of the Barberton Greenstone Belt, 
South Africa (Viljoen and Viljoen, 1969b, 1969c). As reviewed by Arndt (2008), komatiites 
have been reported from numerous Archaean greenstone belts older than c. 2.5 Ga worldwide 
with their type locality (see Table 6.1), apart from one exception (the Cretaceous komatiites 
from Gorgona Island, e.g., Echeverria and Aitken, 1986; Echeverria, 1980). Based on their 
geochemical characteristics, komatiites can be divided into three types: 1) Al-depleted 
komatiite (ADK) or Barberton-type komatiite/early Archaean type. 2) Al-undepleted komatiite 
(AUK) or Munro-type komatiite/ late Archaean type. 3) Al-enriched komatiite or Gorgona-type 




Table 6.1. Common characteristics of different komatiites worldwide (modified after Arndt et al. 2008; 
Wilson, 2019) 
Diagnostic feature Al-depleted komatiite 







Komatiite-type Barberton-type Munro-type Gorgona-type Commondale-type 
Al2O3/TiO2 5-15 15-25 25-35 and rarely up to 
50 
~80 
Al2O3 (wt.%) 3-4 wt.% ~6.5 ~11.3 wt.% ~6 
MgO (wt.%) >30 wt.% ~30 ≤18-22 >30 wt.% 
CaO/Al2O3 >1 ~1 <1 <1 
Gd/YbN >1 ≤1 <1 <0.5 
General characteristics High concentrations of 
incompatible elements, 
unfractionated LREE 
Low abundance of 
incompatible trace 
elements, LREE 
depleted, flat HREE 
patterns 
Low concentrations of 
incompatible elements, 
enriched HREE and 
extremely depleted in 
rare earth elements 




Komatiites of the Archaean greenstone successions of the Abitibi belt in Canada, and 
Kambalda area in the Yilgarn Craton of Western Australia host important Cu-Ni-PGM-Au-
sulfide mineralization. Furthermore, greenstone belts, for example the Lower Bulawayan 
Group of Zimbabwe also record major komatiite-hosted Ni-sulfide deposits (Naldrett and 
Turner, 1977; Viljoen and Bernasconi, 1979, Lesher et al., 1984; Lesher, 1989; Hofmann et 
al., 2013).  
Few popular models related to generation of komatiitic magma for example, Herzberg (1992) 
argued for a partial melting of <30-50% of anhydrous mantle peridotite in excess of 1600ºC 
with pressures of 18 GPa. Puchtel et al. (2013) supported this view with detailed trace element 
studies from the Komati and Weltevreden Formations of the Barberton Greenstone Belt (BGB) 
and showed strong depletion in highly incompatible elements with <0.75 wt.% water. However, 
investigation of fresh pyroxenes from the BGB have indicated 3-6 wt.% dissolved water 
(Allègre, 1982; Grove et al., 1997; Parman et al., 1997, 2001). Furthermore, Sobolev et al. 
(2016) argued for high H2O/Ce ratio in komatiites from the 2.7 Ga old Abitibi Greenstone Belt, 
Canada to be derived from anhydrous source near mantle-transition zone. Additional support 
in favour of the former interpretation was presented in a recent melt-inclusion study on olivine 
of the Weltevreden komatiites, which indicates a hydrated mantle source during the 
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Palaeoarchaean (Sobolev et al., 2019). This hydrous model argues for lower temperature 
origin for these komatiites as opposed to the anhydrous model (Arndt, 1998; Herzberg, 1992; 
Arndt et al., 2008).  
The oldest known komatiites (3482 ± 5 Ma) are reported from the Barberton Greenstone Belt 
in South Africa (Viljoen and Viljoen, 1969b; Lopez Martinez et al., 1984; Armstrong et al., 
1990). Thereafter, numerous authors worked on the origin of high-Mg ultramafic rocks to 
understand the nature and origin of hot mantle-derived lavas and evaluate the early Earth 
mantle dynamics (Pyke et al., 1973; de Wit and Ashwal, 1997; Byerly, 1999; Dann, 2000; 
Arndt et al., 2008; Grove and Parman, 2004, Byerly et al., 2017; Wilson, 2019, and references 
therein). Studies related to the emplacement setting of these komatiites from the Barberton 
area along with the hydrous/anhydrous nature of the komatiitic magma suites have vital 
implications on our understanding of the thermal evolution of early Earth. 
6.2. Komatiites of the Badampahar Group, India 
The Badampahar Group comprises a predominantly mafic-ultramafic suite of volcanic rocks. 
So far, komatiites have been reported from the Gorumahisani Greenstone Belt (GGB), which 
is exposed in the northern part of the Singhbhum Craton (SC; Sengupta et al., 1997; Yadav 
et al., 2015; Chaudhuri et al., 2017). Sengupta et al (1997) have reported three separate flow 
units from the GGB with the oldest being dominated by ultramafic lavas and followed by 
younger volcanic rocks. Both Al-depleted and-undepleted varieties of komatiites have been 
studied from the Kapilli area and Al-depleted variety from the Tua-Dungri locality of GGB. They 
are often represented by an upper chilled margin at the top part of the flow, followed by random 
to platy spinifex textured division and a basal olivine cumulate part. Sengupta et al. (1997) 
investigated peridotitic komatiites with approximately >33 wt.% of MgO from the GGB that 
showed lower (La/Sm)N ratios when compared to basalts. They suggested a high degree 
melting or in other words a highly depleted source for these peridotitic komatiites. A recent 
Sm-Nd study of the Kapilli komatiites by Chaudhuri et al. (2017) has revealed a mantle source 
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with long-term depletion (𝜖Nd~ +2 to +4). These authors argued for a single plume source 
derivation of these komatiites with close-to-primitive mantle composition that later, with 
segregation at various depths in the mantle, produced Al-depleted and-undepleted variety, 
although an exact age for these GGB komatiite suites are yet to be determined.  
In Chapter 4, komatiite localities are highlighted in the geological map of the Daitari 
Greenstone Belt (DGB). The ultramafic/mafic suite forms the lower-part of the stratigraphic 
package of the Kalisagar Formation. A detailed description of the various flows and primary 
textures preserved in these rocks are presented with field relationships in Chapter 4. Field 
based study in the Daitari belt have r provided evidence for felsic dykes dated at c. 3.51 Ga 
within the ultramafic sequence of the Kalisagar Formation. Therefore, here I report the study 
of > c. 3.51 Ga old komatiites from the Daitari Greenstone Belt (DGB), India, which represent 
the oldest candidate to study the early Earth mantle conditions. I compare these rocks with 
well-documented Barberton-type komatiites, South Africa and Munro-type komatiites, 
Canada. Greenschist facies metamorphism has affected most of the volcanic and 
volcaniclastic rocks in the DGB, giving rise to chlorite, tremolite, carbonate, talc, serpentine, 
epidote, rutile, micro-quartz and Fe-oxides, although often komatiites preserve primary 
chrome spinel. 
6.2.1. Geochemistry of komatiites 
6.2.1.1. Major elements 
Ultramafic rocks of the DGB have suffered alteration and metamorphism, which are evident 
from the field observations (e.g., carbonatization/serpentinization, see Chapter 4). Because of 
these secondary processes of hydration and carbonatization would have affected the chemical 
signatures of these rocks (as indicated by loss on ignition values 5.2 to 14.5 wt%, see Table 
6.2, for selected average major-oxide concentrations), all the analyses have been normalised 
to 100 wt.% anhydrous (see Appendix A3, Table 1). All the samples fall within the ‘komatiite-




Figure 6.1. a). Composition of Daitari Al-depleted, Al-undepleted komatiites, group-I & II basalts, 
dacites in MgO-Al2O3-(Fe2O3 + TiO2) triangular plot proposed by Jensen (1976) and modified by Viljoen 
et al. (1982). b) Binary diagram showing MgO (wt.%) vs. Al2O3. 
 
MgO (wt.%) of Daitari komatiites spans a range from ~23.58 to 42.93. The negative correlation 
between Al2O3 and MgO (Figure 6.1b) suggest that primary MgO content is largely controlled 
by olivine fractionation or accumulation within the cumulate zone (Arndt, 1994; Nisbet, 1982). 
Based on the Al2O3 /TiO2 ratio, two groups of komatiites have been categorized, namely Al-
depleted and Al-undepleted type (Figure 6.2a). The Al-depleted type is characterized by an 
average Al2O3/TiO2 ~11.44, whereas the Al-undepleted type has average Al2O3/TiO2 ~21.7. 
The CaO/Al2O3 ratio for Al-depleted komatiites is ~1.5, while for the Al-undepleted variety is 
~0.9, which could be explained by loss of CaO during alteration (Jochum, 1991). The Al-
undepleted type komatiites are marked by Mg# values up to ~84, while Al-depleted samples 
show Mg# values up to 65.  
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Figure 6.2. a) TiO2 vs Al2O3 for Kalisagar komatiites. Data are normalized to 100% on a volatile free-
basis. b-c) Multi-element and rare earth element plots of Daitari komatiites. Concentrations are 
normalized to 100% on a volatile-free basis and to the primitive mantle values of McDonough & Sun 
(1995) and chondrite normalized values of McDonough & Sun (1995). 
 
6.2.1.2. Trace elements 
The trace element composition of two different suites of komatiites of the DGB are plotted on 
primitive mantle-normalized (see Appendix A3, Table 2 for details; Figure 6.2b) and chondrite-
normalized diagrams (Figure 6.2c). Certain elements that are prone to alteration and 
metasomatism, such as Rb, Sr, Cs, Ba and Pb, are omitted. Zirconium and Eu show a broad 
trough-shaped pattern in multi-element patterns and Eu-depletion is also seen in the chondrite 
normalized plot (Figure 6.2c). The reasoning behind low concentration of Zr could be related 
to incomplete digestion of Zr during samples preparation. On the other hand, a remarkable 
negative Eu-anomaly in Al-depleted komatiites but Al-undepleted komatiites are represented 
by values close to 1 for Eu/Eu*, which may suggest preferential removal of Eu over mid-REE 
but needs further detailed investigation to understand these trends in high-MgO rocks, such 
as komatiites. Heavy rare earth element (HREE) concentrations and fractionation compared 
to LREE is reflected by (La/Yb)N ratios ranging from 0.4 to 1.6 for Al-depleted komatiites, and 
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(Gd/Yb)N ranging from 0.9 to 1.4 in HREE concentration (Figure 6.3a). On the contrary, 
(La/Yb)N of 0.5 to 0.8 and (Gd/Yb)N values between 0.8 to 0.9 for Al-undepleted komatiites, 
this is indicative of a slight depletion in HREE when compared to Al-depleted samples (Figure 
6.3a). (La/Sm)N values on average are 0.4 for Al-depleted and 0.6 for Al-undepleted samples; 
in both cases the LREE concentration suggests depletion compared to MREE, except for two 
samples in both Al-depleted and Al-undepleted samples that show (La/Sm)N ~1, which is 
indicative of neither depletion nor enrichment (Figure 6.3b) of LREE with respect to MREE. 
These komatiites have experienced serpentinization/carbonatization but the flat REE patterns 
suggest negligible modification to REE (see Table 6.2, for selected average trace-element 
concentrations). Major-oxide, trace element concentration of DGB komatiites are provided in 
Appendix A3, Table 1-2.  
 
Figure 6.3. a) (Gd/Yb)N and (b) (La/Sm)N vs Al2O3/TiO2 diagram for Daitari komatiites. La, Sm, Gd and 
Yb concentrations are normalized to the parental magma MgO content and to the primitive mantle 
values of McDonough & Sun (1995). Data from this study and smaller symbols are data from the 
literature: Viljoen & Viljoen (1969), Williams & Furnell (1979), Smith et al. (1980), Smith & Erlank (1982), 
Viljoen et al. (1983), Lahaye et al. (1995), Parman et al. (2003), Kareem (2005) and Cooper (2008), 
Robin-Popieul et al., (2012). 
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6.3. Geochemistry of basalts 
6.3.1. Major elements 
Similar to ultramafic volcanic rocks of the DGB, basaltic rocks have suffered 
alteration/metasomatism (e.g., silicification and/or carbonatization) that in all likelihood 
affected the mobile elements in these rocks, and may have obscured the original composition. 
For example, a highly variable LOI ranging from 1.8 to 12.8 wt.% and a positive correlation of 
CaO vs LOI likely reflect hydration and carbonatization. Therefore, for this study all the 
analyses have been normalised to 100 wt.% anhydrous and any volcanic rock classification 
scheme with mobile elements were not considered (see Appendix A3, Table 3-4 for 
information). Basaltic rocks of the Daitari belt have been subdivided into group-I and II, based 
on highly fractionated LREE, and concave-up HREE pattern, which will be explained in the 
section below. Group-I basalts show SiO2 values between ~49 to 52 wt.%, except for one 
sample with 68 wt.%, while SiO2 for group-II basalts spans a range from ~51 to 52 (one sample 
at 73 wt.%). MgO content for group-I and-II basalt ranges between 2.3 to 7.4 and 4.8 to 8.5 
respectively, except for a sample that is represented by MgO of 0.7 wt.% within group-I type 
and 1.5 found in group-II type. Al2O3 (~ 7-20 wt.%) for group-I basalts, while Al2O3 for group-II 
type ranges between 12 and 15. Al2O3 /TiO2 ratios for group-I and group-II basalts spread 
between 8.6 and 23.2 and between 12 and 21, respectively.  
Group-I and-II basalts show variable Mg# (~24-51) and (~21-41) respectively. Both group-I 
and-II samples fall within the high Fe-Mg tholeiite field except for two samples that lie close to 
calc-alkaline series (Figure 6.1) in the MgO-Al2O3-(FeO+TiO2) triangular plot proposed by 
Jensen (1976). In addition, group-I and-II samples lie close to basalt field in the total alkali 
silica diagram (SiO2-(Na2O+K2O) diagram as shown in Figure 6.4a, which is adopted in this 
study from Le Bas et al (1986). Most basalts cluster within the basalt-dacite field, whereby 
three samples plot close to dacite field, however, a reasoning for this phenomenon is attributed 
here to silicification, which led to elevated SiO2 content in these rocks (Figure 6.4a, see Table 





Figure 6.4. Plots of major oxides in Archaean 
volcanic and plutonic rocks from the Daitari 
Greenstone Belt. a) Total alkali vs Silica (TAS) 
diagram for igneous rocks of the DGB (after 
Le Bas, 1986). b) Zr/Ti vs Nb/Y diagram of 
igenous volcanic rocks from the Daitari belt 
(after Winschester and Floyd, 1977). Data 
from Mukhopadhyay et al., 2008; 2012.  
 
On the contrary, the DGB basaltic rocks fall within basaltic andesite to subalkaline basalt fields 
in the Zr/Ti versus Nb/Y diagram (Figure 6.4b) of Winchester and Floyd (1987).  
6.3.2. Trace elements 
Group-I basalt is characterized by La/Nb (1.3 to 5.1), Th/Nb (0.08 to 0. 22) and Th/La (0.06 to 
0.13) ratios over a wide range of Nb concentrations (2.5 to 8.5 ppm). On the other hand, group-
II basalt shows La/Nb (1.0 to 2.6), Th/Nb (0.2 to 0.4) and Th/La (0.8 to 0.13) with Nb 
concentrations of 1.8 to 5.5. Group-I basalt has high LREE/HREE fractionation (Figure 6.5a) 
as reflected by (La/Yb)N values that span from 2.3 to 8.7, with no or minor Eu-anomaly (Eu/Eu* 
between 0.8 to 1.0). In contrast, (La/Yb)N for group-II basalt is between 0.9 to 2.6 and Eu/Eu* 
close to unity for some samples that suggest small negative Eu anomalies (Figure 6.5b). 
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(La/Sm)N values for group-I basalt lie between 1.5 and 2.3, and 1.0 to 1.9 for group-II basalts, 
which suggests low LREE/MREE fractionation in both.  
Also, group-I and group-II basalt show low MREE/HREE fractionation, which is indicated by 
(Gd/Yb)N ratios between 1.1 to 2.3 and 0.9 to 1.1 for group-I and II, respectively. Primitive 
mantle-normalized trace element pattern for group-I basalt is characterized by a Nb-anomaly 
with enriched LREE/MREE and an overall concave downward trend for HREE (Figure 6.5a). 
On the other hand, its chondrite-normalized diagram is represented by a tight array that shows 
an order-of-magnitude enrichment in REE when compared to chondritic composition with a 
significantly down-dip trend from MREE to HREE (Figure 6.5b). However, group-II basalts are 
represented by a uniform pattern with slight enrichment in trace element concentration with 
respect to primitive-mantle normalized composition but shows a flat pattern when compared 
to chondritic-composition (see Table 6.2, for selected average trace-element concentrations, 
Figure 6.5c-d and Appendix A3, Table 3-4 for information on trace element data).  
 
Figure 6.5. a-d) Selected trace-element spectra of Daitari basalts. Concentrations are normalized to 
100% on a volatile-free basis, to the primitive mantle values of McDonough & Sun (1995) and chondrite 
normalized values of McDonough & Sun (1989). 
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6.4. Geochemistry of felsic volcanic rocks 
6.4.1. Major elements 
The dacitic rocks of the DGB have undergone alteration/metasomatism similar to that reported 
from the BGB (Agangi et al., 2015) and as a result, initial composition of the dacitic rocks in 
connection to especially alkali metals have been altered, which for example, may lead to 
addition of K and removal of Na. Previous work by Mukhopadhyay et al. (2012) reported 
intense hydrothermal activity leading to sericitization of the dacitic rocks of the DGB. 
Therefore, in this study all analyses have been normalised to 100 wt.% anhydrous and 
volcanic rock classification scheme that considers mobile elements were not used (For 
information on major element data of felsic volcanic rocks refer Appendix A3, Table 5). The 
SiO2 values of the Daitari felsic volcanic rocks range between 62.4 to 89.1 wt.%, Al2O3 vary 
between 5.6 and 22.5 wt.% and TiO2 covers a range between 0.1 and 0.5 (see Harker 
diagrams in Figure 6.6).  
The felsic volcanic rocks of the DGB shows K2O enrichment, which is reflected by a wide 
variation in values from 1.86 ± 1.82 wt.% average and K2O/Na2O (0.07 to 1.0, except for one 
sample with 76.8), which may indicate K-metasomatism strongly affected the DGB dacites. 
Most samples show negligible Na2O variation between 1.83 ± 1.99 wt.% average, with the 
exception of some samples with Na2O between ~3-6 wt.%. Alumina saturation index 
(ASI=Al2O3/(Na2O+K2O+CaO), molar ranges between 0.6 to 3.0, except for one sample with 
ASI of 20.0). In the total alkali silica diagram (SiO2 versus Na2O+K2O) of Le Bas et al (1986), 
most samples fit within the dacite field with two samples plotting in the rhyolite field (refer 
Figure 6.4a, see Table 6.2 for selected average major-oxide concentrations). The dacite 
samples fall within the ‘calc-alkaline series field’ in MgO-Al2O3-(FeO+TiO2) triangular plot 
(Figure 6.1a) proposed by Jensen (1976). On the other hand, most dacites lie close to the 
rhyodacite to trachy-andesite fields in the Zr/Ti versus Nb/Y diagram (Figure 6.4b) of 




Figure 6.6. a-g) Harker binary diagrams showing selected major oxides (wt.%) and trace elements 
(ppm) vs. SiO2 wt.% of the dacites and granitoids from the DGB. Data from Mukhopadhyay et al., 2008; 
2012. 
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6.4.2. Trace elements 
The felsic volcanic rocks of the Daitari belt have low concentrations of high field strength 
elements (HFSE: Hf, Nb and Ta), rare earth elements (REE), Y, Th and U (e.g.  Zr = 54 to 182 
ppm, Th = 1.4 to 5.9 ppm, U = 0.4 to 2.2 ppm, Nb = 1.9 to 12.8 ppm, and Y = 6.7 to 45.9 ppm, 
except for few samples with elevated concentrations of Zr up to 240 ppm) in comparison with 
primitive mantle composition (Figure 6.7a; Sun and McDonough, 1989; for information related 
to trace element data see Appendix A3, Table 6). Daitari felsic volcanic samples have wide 
variations of Ba and Sr concentrations (e.g., average Ba: 201 ± 135 ppm, average Sr: 106 ± 
100 ppm) but two-samples DM 6 and DM 77B have relatively high concentration of Ba of 430 
and 184 ppm, respectively. In primitive mantle-normalized multi-element plots, the Daitari 
felsic volcanic rocks are represented by negative Nb-Ti anomaly and a positive Zr-anomaly 
(Figure 6.7a). (Nb/Ta)N is <1, which suggests the presence of rutile either in residue or 
fractionating as a mineral phase (John et al., 2011). Primitive mantle normalized REE plots of 
the Daitari felsic volcanic rocks have (La/Yb)N values between 2.3 to 13.2 (Figure 6.7 a), and 
(La/Sm)N ranges from 1.7 to 4.5. The latter indicates moderate LREE/MREE fractionation, 
whereas MREE/HREE fractionation is negligible, as reflected by (Gd/Yb)N between 1.7 to 2.6, 
except for two samples that show (Gd/Yb)N of 4.7 and 7.5 respectively (Figure 6.7a-b). In 
addition, two samples DM 6 and DM 77B show (La/Yb)N values of 43 and 21,which indicate 
pronounced LREE/HREE fractionation and moderate to low LREE/MREE as reflected by 
(La/Sm)N 2.8 and 2.7 respectively (Figure 6.7 c-d). Eu*/Eu ranges between 0.6 to 0.9, except 
for a DM 6 (i.e., felsic volcaniclastic rock, Eu*/Eu=1.5) and DM 89 (i.e., an intrusive granitoid, 
Eu*/Eu=1.1; also chondrite normalized plots Figure 6.7c-d), suggesting an average negative 




Figure 6.7. a) Primitive mantle-normalised trace element and (b) REE plots for the Daitari felsic volcanic 
rocks. Normalizing values after Sun and McDonough (1995) and McDonough & Sun (1989). All 
concentrations as wt.% and recalculated to 100% anhydrous. c) Primitive mantle-normalised trace 
element. d) REE plots for Daitari granitoids. Normalising values after Sun and McDonough (1995) and 
McDonough & Sun (1989). All concentrations as wt.% and recalculated to 100% anhydrous. 
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Table 6.2. Average concentration of selected major (wt.%) and trace elements (ppm) and elemental ratios of representative volcanic and sedimentary rocks 
from the Daitari Greenstone Belt. ADK, Kalisagar Fm Al-depleted komatiite (>3.51 Ga, n=3; this study); AUK, Kalisagar Fm Al-depleted komatiite (>3.51 Ga, 
n=7; this study), G-IB, Kalisagar Fm group-I basalt (>3.51 Ga, n=4. This study); G-IIB, Kalisagar Fm group-II basalt (>3.51 Ga, n=5, this study); Da, Talpada 
Fm dacites (~3.51 Ga, n=11, this study); FS, Sindurimundi Fm. Felsic shales (<3.51 Ga, n=14, this study); MS, Sindurimundi Fm.Mafic shales (<3.51 Ga, n=5, 
this study); GCT, Tomka Fm. green chert (<3.51 Ga, n=6, this study); GCD, Kalisagar Fm. green chert (>3.51 Ga, n=4, this study); CK, Kalisagar Fm. Chert 
(>3.51 Ga, n=22, this study); CTO, Tomka Fm chert (<3.5 Ga, n=9, this study); CTA, Talpada Fm chert (<3.5 Ga, n=7, this study); CS, Sindurimundi Fm. chert 
(<3.5 Ga, n=6, this study). 
 ADK AUK G-IB G-IIB Da FS MS GCT GCK CK CTO CTA CS 
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6.5. Geochemistry of the clastic sedimentary rocks of the Sindurimundi 
Formation  
6.5.1. Major elements 
Clastic rocks of the Sindurimundi Formation largely comprise shale, greywacke, siltstone and 
minor silicified felsic-derived sandstone. Based on Fe2O3-K2O-Al2O3 triangular model 
proposed by Nance and Taylor (1979), sedimentary rocks of the Sindurimundi Formation have 
been sub-divided into two varieties, i.e., felsic-derived and mafic-derived clastic rocks. The 
reasoning behind this sub-division of ‘felsic vs mafic’ sourced sedimentary rocks is explained 
by their respective proximity to these end-member compositions (i.e., K-Al-Fe). For example, 
sedimentary rocks plotted in the triangular diagram of K2O-Al2O3-Fe2O3 that lie close to K2O-
Al2O3 line, due to enrichment of both Al and K are referred in this study to be ‘felsic derived 
clastic rocks’, which therefore overlap with the dacitic volcanic rocks of the DGB. Whereas the 
‘mafic sourced rocks’ show low K2O content and plot mostly along Al2O3-Fe2O3 line that 
corresponds well to almost all of the ultramafic-mafic volcanic rocks of the DGB (Figure 6.8).  
 
 Figure 6.8. Fe2O3–K2O–Al2O3 diagram showing the distribution of sedimentary rocks from the 
Sindurimundi Formation. Field for PAAS after Nance and Taylor (1979). Data from Hofmann (2005). 
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Mafic and felsic sourced sedimentary rocks show an average SiO2 (66 ± 13 wt. % and 71 ± 
10 wt.%), Al2O3 (11 ± 7 wt. %, 15 ± 6 wt.%) and MgO (2.8 ± 0.4 wt. %, 0.9 ± 1.2 wt. %) 
respectively. Fe2O3 contents for mafic and felsic sourced clastic rocks (10 ± 7 wt. %, 3 ± 3 wt. 
%) respectively, while CaO values are very low <0.2 wt. %, except for one sample with DM 
44C with 4.5 wt. % of CaO. Na2O values are typically low and below detection limit with 
exception of samples DM 44C (2.4 wt. %) and DM 43, DM 44A (both have Na2O of 1.01 wt. 
%). K2O concentration for mafic and felsic derived clastic sedimentary suite of the 
Sindurimundi Formation (2 ± 1 wt. %, 5 ± 3 wt. %) respectively. Loss on ignition (LOI) values 
of the shale samples range from 0.79 to 7.32 wt.%. Increase in K2O, Rb and Ba with depletion 
in MgO, CaO, Na2O suggests mobility of Mg, Ca, Na and K during K-Si metasomatism as 
suggested by increase in SiO2; the latter is demonstrated by SiO2/Al2O3 ratio, which for mafic 
and felsic sourced sedimentary rocks (14.5 ± 10.3, and 10.2 ± 6.4) respectively. Details of 
their major oxide data are provided in Appendix A3, Table 7. 
6.5.2. Trace elements 
6.5.2.1. Large Ion Lithophile Elements (LILE) 
LILE concentrations of the Sindurimundi sedimentary rocks are variable (mafic suite: Rb, 33 
± 50 ppm; Sr, 52 ± 36 ppm and Ba, 127 ± 230 ppm; felsic suite:  Rb, 98 ± 38 ppm, Sr, 33 ± 41 
ppm, and Ba, 440 ± 769 ppm). Rb and Ba show an overall positive trend with K2O and Al2O3 
although Sr does not show any meaningful correlation with K2O but an increasing trend with 
Al2O3 and Na2O, which indicate Sr occurrence in altered plagioclase feldspars and/or sericite.  
Rb and Ba show a positive trend with K2O indicative of their presence in K-bearing mineral 
phases. Positive correlation of Ba and Rb with Al2O3 suggests residence in clay minerals. 
Enriched Ba concentration particularly in the felsic derived sedimentary rocks of the 
Sindurimundi Formaiton may be linked to circulation of Ba-rich hydrothermal fluid. 
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6.5.2.2. Transition trace metals (Sc, Cr, V, Co, Ni)  
As described in section 6. 5.1, clastic sedimentary rocks of the Sindurimundi Formation are 
broadly categorized into mafic and felsic-derived rocks. Differences in terms of their transition 
metal concentration when compared to major element concentrations such as MgO, Al2O3 and 
TiO2 are listed here, followed by discriminant plots. MgO contents of the Sindurimundi 
sedimentary rocks overall show a positive relationship with Sc, Cr, Ni and Co. Mafic-derived 
sedimentary rocks (see Figure 6.9a); Co: 17 ± 3 ppm, Ni: 77 ± 35 ppm, Cr: 157 ± 317 ppm, V: 
67 ± 63 ppm, Sc: 12 ± 13 ppm and felsic derived sedimentary suite (Figure 6.9b); Co: 5 ± 5 
ppm, Ni: 41 ± 47, Cr: 75 ± 53, Sc: 7 ± 3 ppm ) relative to PAAS; except for samples DM 94 
and 95, that possess Ni concentration of 138.1 and 158.3 ppm respectively.  
 
Figure 6.9. a-b) PAAS-normalized distribution of selected major and trace elements, b) mafic-sourced 
clastic rock of the Sindurimundi Formation. c) felsic-derived Sindurimundi Formation sedimentary rock 
(shale, siltstone, greywacke and silicified volcanic-derived sandstone. 
 
Al2O3 is positively correlated with Sc and Cr but does not show any discernable trend with V 
or Ni. TiO2 show positive correlation with Co and Sc. Elements that are immobile, and least 
affected by alteration, transportation and diagenesis, or metamorphic processes are used to 
understand source area of the sediments derived. In this study, various discriminant diagrams 
with elements such as Cr, Th, Sc and REEs (e.g., Cr/Th vs Th/Sc and Th/Sc vs (La/Yb)N) that 
illustrate the end-member composition of different volcanic rocks of the DGB (Figure 6.10a-b) 
are frequently used to determine bulk composition for provenance. These were considered for 
provenance study for siliciclastic and cherts (see section 6.6.1.2) of the DGB. 
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Figure 6.10. a) Cr/Th vs Th/Sc, showing compositional field of average Kalisagar komatiite, average 
basalt, average dacites of the Talpada Formation. b) Trace element ratio diagrams of (La/Yb)N vs Th/Sc, 
showing compositional field of average Kalisagar komatiite, average basalt, average dacites of the 
Talpada Formation. c) Clastic rocks of the Sindurimundi Formation shown in discriminant diagram of 
Cr/Th vs Th/Sc. d) Clastic rocks of the Sindurimundi Formation shown in discriminant diagram of La/YbN 
vs Th/Sc. 
 
Cr/Th ratio is a reliable indicator of provenance Condie and Wronkiewicz, 1990; Hofmann, 
2005). Cr/Th and (La/Yb)N versus Th/Sc discriminant trace element ratios help in 
understanding the predominant source composition (i.e., felsic and mafic origin) of the clastic 
rocks of the DGB (Figure 6.10a-b). Average Cr/Th ratio for clastic rocks sourced from mafic-
ultramafic volcanic rocks is 15 ± 19. While felsic derived clastic rocks show average Cr/Th 
ratio close to 17 ± 14. Clastic sedimentary rocks of the Sindurimundi Formation, when plotted 
against Cr/Th versus Th/Sc are seen to cluster around bottom right corner of the plot and 
overlap with the average dacites of the Talpada Formation (Figure 6.10c). Likewise, the 
discriminant plot (La/Yb)N versus Th/Sc further affirms the close affinity of the clastic 
sedimentary rocks with the Talpada dacites (Figure 6.10d). However, some shale samples 
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(DM 94, and DM 95) have surprisingly elevated Ni concentration such as 138 and 158 ppm, 
and Cr, 80 and 99 ppm that are likely indicative of a provenance for the bulk of the detrital 
influx from a predominantly mafic source material (as shown in Figure 6.9b). Information on 
trace element data of the Sindurimundi clastic rocks are presented in Appendix A3, Table 8. 
6.5.2.3 HFSE and U 
Average HFSE ratios for mafic sourced clastic rocks of the Sindurimundi Formation (Zr/Hf: 39 
± 4; U/Th: 0.3 and Th/Sc: 0.6 ±0.3). On the other hand,clastic rocks derived from felsic sources 
are represented by average HFSE ratios (Zr/Hf: 38 ± 4, U/Th: 0.3 ± 0.1, Th/Sc: 0.8 ± 0.9). 
Th/Sc, Cr/Zr ratio are used as reliable indicators for source rock composition (Condie and 
Wronkiewicz, 1990; Hofmann, 2005 and Drabon et al., 2019) and are used to determine 
provenance signatures of either ultramafic-mafic or felsic terrains. Zr content is lowest for 
mafic-ultramafic derived shales. Zr, Hf, and Nb are positively correlated with TiO2 and Al2O3. 
Cr/Zr contents for Sindurimundi shales and greywackes are between 0.02 to 0.8, except for 
sample DM 91 and DM 43, as they show Cr/Zr values of 1.9 and 6.0 respectively, the former 
is indicative a dominantly felsic prone end member compositionally. While U and Th show a 
positive trend with Al2O3 but do not show a clear relationship with TiO2. High field strength 
element (HFSE) such as Zr, Th, Hf and U are enriched for most Sindurimundi clastic rocks, 
which reflect a potential felsic provenance for these rocks. Accessory minerals such as 
monazite, apatite is largely influenced by the presence of Th, Ta and REE, whereas Zr and Hf 
is controlled by the presence of zircon. 
6.5.2.4. Rare earth elements 
Mafic derived sedimentary rocks are marked by enriched LREE ((La/Sm)N: 3.7± 1.4) and 
depleted HREE ((Gd/Yb)N 1.9 ± 0.9); on the other hand, felsic sourced sediments of the 
Sindurimundi Formation show highly fractionated LREE ((La/Sm)N: 4.0 ± 1.6, Figure 6.11a-b) 
and relatively lower HREE as represented by (Gd/Yb)N: 2.3 ± 0.8. Average ΣREE content of 
mafic- and felsic-sourced sedimentary rocks are 98.5 ± 99.3 and 110.1 ± 45.5 respectively. 
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REEs shows a positive correlation with Al2O3 but variable with P2O5. This suggests that most 
REE reside within phyllosilicates or clay minerals rather than in phosphate phases.  
 
Figure 6.11. a) Chondrite-normalised REE diagram showing clastic rock samples of the Sindurimundi 
Formation. b) PAAS-normalized REE-Y diagram of clastic rocks of the Sindurimundi Formation. 
 
High LREE values predominantly indicate a felsic component responsible for the derivation of 
the Sindurimundi sedimentary suite (Figure 6.11a). Both mafic- and felsic-sourced 
sedimentary rocks have Eu/Eu* >1, except for samples DM 91 and DM 71B, which record a 
slight negative Eu/Eu* anomaly with values of 0.8 and 0.7 respectively. Almost all samples 
show similar REE patterns (Figure 6.11b). They share highly fractionated LREE over MREE 
with a relatively flat HREE signature when compared to chondrite-normalized composition 
(Figure 6.11a; Sun and McDonough, 1989). PAAS-normalized REE plot of the sedimentary 
rocks of the Sindurimundi Formation form a tightly stacked pattern with a prominent Eu-
anomaly while a moderately flat lying LREE to HREE, which is typical for clastic sedimentary 
rocks (Figure 6.11b). 
6.6. Geochemistry of cherts  
6.6.1. Green chert (Kalisagar and Tomka Formations)  
6.6.1.1. Major elements 
Green chert forms an important part of the silicified clastic/chert assemblage within the DGB 
and has been reported from the Kalisagar and Tomka Formations in this study. SiO2 content 
of green chert from Kalisagar Formation (93.42 ± 3.2 wt.% average) and Tomka Formation 
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(94.59 ± 4 wt.% average) largely overlap. While, green chert of the Kalisagar Formation, have 
slightly higher Al2O3 (2.22 wt.%) and lower TiO2 (0.18 wt.%), Fe2O3 (0.44 wt.%), MgO (0.47  
wt.%) and K2O (0.57 wt.%) when compared to that of Tomka Formation, which is marked by 
slightly lower Al2O3 (1.85 wt.%), but on average higher TiO2 (0.43 wt.%), Fe2O3 (1.12 wt.%), 
MgO (1.09 wt. %), and K2O (0.64 wt.%) content. This may indicate a high flux of detrital 
component within green chert of the Kalisagar and Tomka Formation. On average, CaO and 
Na2O content of green chert from the Kalisagar Formation are higher when compared to that 
of Tomka Formation. Al2O3 and K2O correlate strongly (R2=0.74 and R2=0.99 for Kalisagar and 
Tomka Formations respectively), but also show a discernable trend with MgO. The former 
observation indicates that Al2O3 mostly reside in K-bearing phyllosilicates such as sericite, 
muscovite, Cr-mica matrix. Average Al2O3/TiO2 for both green cherts of Kalisagar and Tomka 
formations, 14.4 ± 13.9 wt.% and 10.3 ± 16.4 wt. % respectively, which overlap the Al2O3/TiO2 
ratios from Al-depleted and-undepleted suite of komatiites of the Kalisagar Formation (refer 
Table 6.2 for comparison).  
Green chert from both Kalisagar and Tomka Formations, show a negative correlation with 
SiO2 against K2O, MgO, Fe2O3, CaO, Al2O3, and TiO2, although Al2O3, and TiO2 share a weak 
negative correlation, which may be due to the immobile nature of these elements. However, 
an overall dilution effect can be due to silicification processes leading to depletion of the 
abovementioned elements except for immobile elements Al and Ti. Mostly green cherts from 
Kalisagar Formation, do not show a significant trend with Na2O, the latter is absent in green 
chert of Tomka Formation, hence not considered for further discussion. Major oxide data for 
the Tomka and Kalisagar formations provided in Appendix A3, Table 9 and 11. 
6.6.1.2. Transition metals (Sc, V, Cr, Co, Ni)  
Green chert of both Kalisagar and Tomka formations have high Cr and Ni content (e.g., Cr: 
351 ± 239 ppm, Ni: 127 ± 100 ppm and Cr: 805 ± 509 ppm, Ni:169 ± 171 ppm respectively).  
Almost all green cherts of Kalisagar and Tomka formations have higher Cr/Th and lower Th/Sc 
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ratios, suggesting a predominantly ultramafic-mafic tuffaceous component (Figure 6.12a); 
except sample DM 13B, which shows a relatively low Cr/Th and a moderately high Th/Sc when 
compared to the rest of its counterparts, which could indicate mixed contributions from felsic 
as well as ultramafic source material (refer Table 6.2 for comparison). Hofmann et al (2013) 
pointed that high Cr/Th and low Th/Sc values indicate ultramafic source material with a Cr-
mica enrichment, instead of Th-bearing minerals such as monazite, zircon and apatite.  
 
Figure 6.12. a) Discriminant diagram shown by Cr/Th vs Th/Sc ratios of cherts of the Kalisagar, 
Talpada, Sindurimundi and Tomka Formations Compositional fields represent common igneous 
lithologies in the DGB: komatiites, basalts, dacites, and granitoids, (see Table 6.2 for average oxide 
and trace element contents). b) Discriminant diagram shown by (La/Yb)N vs Th/Sc. of cherts of the 
Kalisagar, Talpada, Sindurimundi and Tomka Formations Compositional fields represent common 
igneous lithologies in the DGB: komatiites, basalts, dacites, and granitoids, (see Table 6.2 for average 
oxide and trace element contents).  
 
Cobalt and Ni show a slight negative trend with SiO2, which is suggestive of a dilution effect 
of Co with addition of silica during silicification. Tomka Formation green cherts mostly cluster 
around the komatiite end-member composition when plotted in the Cr/Th versus Th/Sc 
diagram and (La/Yb)N versus Th/Sc diagrams (Figure 6.12a-b) with one green chert sample 
showing exceptionally high Cr/Th value of ~13731 (DM 102 B2). Subsequently, Ni and Cr 
show a positive correlation with MgO and Fe2O3, which also confirms their predominant mafic-
ultramafic provenance.  
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6.6.1.3. Base metals (Cu, Zn, Pb) 
Green chert from the Kalisagar Formation contains Cu (34 ± 37 ppm), Zn (52 ± 58 ppm), and 
Pb (0.9 ± 0.4 ppm), while green chert of the Tomka Formation shows Cu (59 ± 109 ppm), Zn 
(13 ± 9 ppm) and Pb (0.5 ± 0.1 ppm). Base metal sulfides reported from these green chert 
facies is likely introduced during silicification as studied from similar rocks of the 
Palaeoarchaean greenstone sequences of Kaapvaal and Pilbara Cratons (Orberger et al. 
2006; Hofmann and Harris, 2008).  
6.6.1.4. Large ion lithophile elements (LILE; Rb, Cs, Sr, Ba)  
Rubidium and Cs content of green chert from the Kalisagar Formation (e.g., Rb: 16 ± 4 ppm; 
Cs: 0.1 ± 0.1 ppm) are slightly higher when compared to those from Tomka Formation (i.e., 
Rb: 10.1 ± 9.8 ppm; Cs: 0.6 ± 0.6 ppm). While Sr and Ba concentration for green chert are 
higher for the Kalisagar Formation (e.g., Sr: 6 ± 0.9 ppm; Ba: 54 ± 55 ppm) and comparatively 
lower for Tomka Formation (e.g., Sr: 3 ± 3 ppm; Ba: 48 ± 41 ppm). Rubidium and Cs correlate 
positively with K2O, which indicates the presence of these elements in K-bearing 
phyllosilicates and/or K-feldspar. 
6.6.1.5. HFSE (Zr, Hf, Nb, Y) and U 
In general, average concentrations of Zr, Hf, Nb and Y are low for green chert of the Kalisagar 
Formation (for example, Zr: 17 ± 9 ppm, Hf: 0.4 ± 0.2 ppm, Nb: 0.9 ± 0.7 ppm and Y: 1 ± 0.3 
ppm) and likewise from the Tomka Formation (Zr: 19 ± 17 ppm, Hf: 0.5 ± 0.4 ppm, Nb: 1.2 ± 
1.8, Y: 3 ± 1 ppm). Average Cr/Zr for green cherts of the Kalisagar and Tomka formations (i.e., 
34.9 and 53.2 respectively) is in agreement with high flux of mafic-ultramafic ash-derived 
detritus in these sediments. Uranium contents for green chert facies of Kalisagar and Tomka 
Formations are typically low (i.e., <1 ppm). Average Zr/Hf ratio of green cherts from the 
Kalisagar and Tomka formations (i.e., 38 ± 7 and 35 ± 3, respectively) are within the range of 
Zr/Hf ratio of the siliciclastic rocks and basaltic to dacitic volcanic rocks of the DGB. On the 
other hand, Y/Ho for the green cherts of Kalisagar and Tomka formations (e.g., 26 ± 5 and 29 
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± 5, respectively), corresponds well to the sedimentary rocks of the Sindurimundi Formation 
and volcanic rocks of the Kalisagar and Talpada formations, DGB, which ranges between 26 
and 30 (Figure 6.13). 
 
Figure 6.13. Y/Ho ratios vs Zr concentration of the cherts of the DGB, compared with the clastic 
sedimentary rocks of the Sindurimundi Formation. Pure seawater endmembers show highly super-
chondritic Y/Ho ratios, whereas with increased trace element concentrations (i.e. detrital 
contaminations), pure seawater signals weaken resemble shale-like REY distribution pattern. Note: 
Grey background with blue dots represent clastic rocks of the Sindurimundi Formation 
 
6.6.1.6. REE 
Green chert of the Kalisagar Formation has Gd/Yb(N): 3.3 ± 1, La/Sm(N): 2.8 ± 1 and a minor 
Eu anomaly (Eu*/Eu: 1 ± 0.5). On the other hand, green chert of the Tomka Formation records 
low Gd/Yb(N): 2.8 ± 1.7, (La/Sm)N: 1.6 ± 1.2 and a slightly negative Eu anomaly (Eu*/Eu: 0.9 ± 
0.1). Green chert of the Kalisagar and Tomka formations plotted against Cr/Th versus Th/Sc 
and (La/Yb)N versus Th/Sc, on average fall within the extent of their end-member compositions 
ranging from komatiite, basalt to dacite (Figure 6.12a-b). Majority of Tomka green cherts lie 
204 
close to komatiite-basalt field, while Kalisagar green chert suite fall largely around basalt end-
member composition (Figure 6.12b).  
Most green chert samples show similar REE patterns (chondrite-normalized after Sun and 
McDonough, 1989), and are marked by moderately fractionated LREE over MREE but they 
are represented by slightly less fractionated HREE (Figure 6.14a-b). The PAAS-normalized 
REE plot (Taylor and McLennan, 1985) for the green chert of both Kalisagar and Tomka 
formations shows a marked Eu-anomalies (Figure 6.14c-d). No significant information related 
to seawater signals such as Y-anomaly could be discerned from both Kalisagar and Tomka 
Formation green cherts (Figure 6.14c-d). For detail information on trace element data of green 
cherts from Tomka and Kalisagar formations see Appendix A3, Table 10 and 12. 
 
Figure 6.14. a-b) Chondrite-normalised REE diagram of green chert of the Kalisagar and Tomka 
Formations. c-d) PAAS-normalized REE-Y diagram green chert of the Kalisagar and Tomka Formation. 
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6.6.2. Bedded and vein cherts (Kalisagar, Talpada, Sindurimundi and 
Tomka formations) 
Cherts considered in this study encompass a wide range of orthochemical sedimentary and 
silicified clastic rocks, such as bedded banded black-and-white chert, laminated black chert, 
massive black vein chert, and granular chert. Stratiform bedded (i.e., banded black-and white-
chert, laminated chert) and massive vein cherts of the DGB are grouped together in this study 
based on their petrographic and geochemical characteristics (cf. Hofmann and Bolhar, 2007). 
Granular chert and massive black vein chert are found as stratiform to cross-cutting black vein 
chert (see Chapter 4 and 5). However, it is important to note that banded black-and-white 
chert is widely reported mostly from the Tomka Formation only, while laminated black chert, 
massive vein chert and granular chert facies are found abundantly throughout the Kalisagar, 
Talpada and Sindurimundi formations.  
6.6.2.1. Major elements 
The average SiO2 contents of cherts of the Kalisagar, Talpada, Sindurimundi and Tomka 
formations range between 90 to 98 wt.%. Average Al2O3 contents are low for cherts of the 
Kalisagar (such as laminated, granular and vein chert) and Tomka (i.e., dominantly banded 
chert, with minor granular and massive vein chert) formations (i.e., 0.8 ± 0.7 wt.% and 0.9 ± 
1.1 wt.%, respectively), whereas Talpada (i.e., laminated, and granular chert) and 
Sindurimundi (e.g., laminated, granular and vein chert) show slightly higher concentrations of 
Al2O3 on average (e.g., 2.5 ± 2.1 wt.% and 3.2 ± 2.2 wt.%, respectively). TiO2 concentration is 
remarkably low in cherts of the Kalisagar (0.05 ± 0.1 wt.% average) and Tomka formations, 
except for one sample, DM 23, which shows TiO2 concentration of 0.11 wt.%. Conversely, 
Talpada and Sindurmundi cherts show relatively high average concentration of TiO2 (e.g., 0.1 
± 0.07 wt.%, and 0.06 ± 0.07 wt.% respectively), Fe2O3: < 0.5 wt. % on average, while two 
samples of Talpada Formation, DM 71B (Fe2O3: 3.7 wt.% and DM 71C: 4.4 wt.%).  
On average, cherts of the Kalisagar, and Sindurimundi formations show low CaO 
concentrations (≤0.5 ± 1 wt.% average), whereas those of Talpada Formation have slightly 
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high CaO (0.9 ± 1 wt. % average). In contrast, CaO concentrations in cherts of the Tomka 
Formation are below detection limit. Cherts of the Talpada and Sindurimundi formations have 
very low CaO content at an average of 0.5 wt.% for laminated-black, with one vein chert shown 
CaO of 0.06 wt.%. This may be attributed to the absence of Ca-bearing mineral phases in 
these cherts that may suggest an early diagenetic replacement of carbonate phases (e.g., 
siderite and ankerite) during silicification. The latter is in agreement with petrographic 
observations. Average Al2O3/TiO2 values recorded in Kalisagar Formation cherts are low (18 
± 15), while Talpada and Sindurimundi cherts possess relatively high Al2O3/TiO2 values of 25 
± 8, and 38 ± 15 respectively. These cherts cover a wide range of Al2O3/TiO2 values as 
measured in silicified volcanic rocks, such as komatiites (i.e., ranging from 11 to 21), basalts 
(18), and dacitic rocks (39) of the DGB. On average, Al2O3 and TiO2 contents of laminated 
black chert from the Talpada Formation are high (for e.g., Al2O3 of 3.2 wt. % and TiO2 0.1 wt. 
%). This suggests a dominant detrital input in laminated-black cherts. K2O correlates well with 
Al2O3, indicating the presence of sericite-chlorite. Average K2O contents for laminated-black 
cherts are c. 0.88 wt. % but c. 0.1 wt.% for vein cherts. K2O is seen to correlate positively with 
Al2O3 in both laminated-black chert and vein chert, suggesting that these elements reside in 
the sericite-chlorite component of these rocks.  
K2O correlates positively with Al2O3 (R2=0.99) for all the cherts of the Tomka Formation, which 
suggests the presence of K2O in a sericite-chlorite and/or Cr-mica matrix. CaO is below 
detection limit in almost all cherts of the Tomka Formation. A systematic decreasing trend is 
observed for MgO, Al2O3, TiO2, Fe2O3, K2O and CaO when plotted against SiO2, which is 
indicative of intense dilution and/or removal of these elements during silicification or by later 
metasomatic processes. The Fe2O3 content for Tomka BIFs has a high average of 14.4 wt. %. 
Major oxide data are provided in Appendix A3, Table 9, 11 and 13. 
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6.6.2.2. Transition metals (Sc, V, Cr, Co, Ni)  
Scandium content is low in cherts of the Kalisagar and Tomka Formation (i.e., 1.2 ± 1.8 ppm, 
0.9 ± 1.2 ppm, respectively), while average concentration of Sc in cherts of the Talpada and 
Sindurimundi Formations record a slightly high concentration of Sc (for example, 1.4 ± 0.6 
ppm and 2.7 ± 1.6 ppm, respectively). Chromium and Ni contents recorded in Kalisagar 
Formation (Cr: 52 ± 95 ppm average, Ni: 59 ± 53 ppm) are high when compared to those from 
Talpada (Cr: 16 ±2 ppm, Ni: 46 ±36 ppm), Sindurimundi (Cr: 24 ± 30 ppm, Ni: 12 ± 9 ppm) 
and Tomka (Cr: 29 ± 71 ppm, Ni: 15 ±28 ppm) formations respectively. On average, Co 
concentrations from cherts of Kalisagar (Co: 10 ± 10 ppm) and Talpada (Co: 11 ± 8) formations 
are slightly higher than those of Sindurimundi (Co: 3 ± 3 ppm) and Tomka (Co: 4 ± 6 ppm) 
formations. Cr/Th ratios for cherts of the Kalisagar and Tomka formations are notably higher 
(Figure 6.12a-b), when compared to Sindurimundi and Talpada formations (i.e., Cr/Th: 313 ± 
626, Cr/Th: 1603 ± 4548, Cr/Th: 72 ±149 and Cr/Th: 65 ± 100 respectively). In contrast to this 
observation, Th/Sc ratios are low for cherts of the Kalisagar, Tomka formations but on average 
higher for Sindurimundi and Talpada formations (e.g., Kalisagar; Th/Sc: 0.4 ± 0.4, Tomka; 
Th/Sc: 0.1 ± 0.1, Sindurimundi; Th/Sc: 0.4 ± 0.2; Talpada; Th/Sc: 0.7 ± 0.4), except for two 
samples each from Kalisagar and Tomka formations namely DM 75A (Th/Sc: 68) and DM 104 
(Th/Sc: 18) that markedly show high Th/Sc values (Figure 6.12a-b).  
Scandium shows a positive trend with Al2O3 for laminated-black cherts but is variable for V; 
the former being suggestive of Sc in detrital phases. Most laminated-black and vein cherts of 
Talpada and Sindurimundi formations do not show any definite correlation of Ni and Cr with 
MgO and Fe2O3, except for two samples that confirms their predominant mafic-ultramafic 
provenance by entrainment of ash-fall deposits derived from distal sourced pyroclastic activity 
or reworking of older mafic-ultramafic terrain. Average Cr/Zr for the laminated-black cherts is 
0.4, except for sample DM 96, which has a high Cr/Zr of 18.1, while the average Cr/Zr for vein 
chert is 9.9 and they show variable Sc with respect to Al2O3.  
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Most cherts of the Tomka Formation are devoid of Al2O3 except for few laminated black chert 
samples, whereby Sc is seen to form a positive trend vs Al2O3. Almost all cherts of the Tomka 
Formation, correlate positively with respect to Ni, Cr vs MgO, Fe2O3, and K2O. Cobalt and Ni 
are negatively correlated with SiO2 for the banded black-and-white chert, laminated chert and 
vein chert. BIFs of the Tomka Formation are characterized by high Cr/Th, and Cr/Zr values. 
BIFs of the Tomka Formation are characterized by high Cr/Th ratio with an average value of 
359 and an extremely low Th/Sc value of 0.01, therefore supporting a predominantly ultramafic 
derived component for this iron-formation (Figure 6.12a-b).  
6.6.2.3. Base metals (Cu, Zn, Pb) 
Copper and Zn concentration in cherts of the Kalisagar Formation arehighest (i.e., Cu: 23 ± 
31 ppm, Zn: 111 ± 205 ppm), followed by Talpada and Sindurimundi Formations that show 
slightly lower Cu, Zn contents (e.g., Cu: 10 ± 7 ppm, Zn: 48 ± 53 ppm and Cu: 6 ± 7 ppm; Zn: 
11 ± 8 ppm, respectively). Cherts of the Tomka Formation record the lowest concentration of 
Cu, Zn such as Cu: 3 ± 3 ppm, Zn: 7 ± 3 ppm. However, Pb content in cherts from Kalisagar, 
Talpada and Sindurimundi formations respectively (e.g., Pb: 2.2 ± 2.7 ppm, 3.8 ± 4.3, 2.5 ± 
2.7) are slightly high when compared to that of Tomka Formation (Pb: 1.2 ± 0.8 ppm). On the 
other hand, Pb in laminated black cherts of the Kalisagar Formation show a positive correlation 
with SiO2, the reasoning for this is yet to be explained.  
Zinc in particular for laminated black chert facies of the Talpada and Sindurimundi Formations 
is positively correlated with SiO2 but Pb shows no direct relation. Laminated black, green chert 
of the Tomka Formation show a slight negative trend with SiO2 versus Cu suggesting decrease 
in base metal concentration due to silicification. On the other hand, Zn is positively correlated 
with SiO2 but Pb shows no direct relation with SiO2. 
6.6.2.4. Large ion lithophile elements (LILE; Rb, Cs, Sr, Ba) 
Rubidium, Sr, and Ba contents in cherts of the Kalisagar (3.8 ± 3.7 ppm Rb, 6.0 ± 0.9 ppm Sr; 
54.3 ± 55.5 ppm Ba) Talpada (9.0 ± 11.7 ppm Rb; 25.5 ± 35.7 ppm Sr; 105.8 ± 154.8 ppm Ba) 
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and Sindurimundi (13.7 ± 12.5 ppm Rb; 2.6 ± 1.7 ppm Sr; 63 ± 80 ppm Ba) Formations are 
comparatively high compared to those of the Tomka Formation (3.7 ± 5.7 ppm Rb; 1.2 ± 1.9 
ppm Sr; 33.4 ± 35.4 ppm Ba).  
Rubidium and Cs correlate positively with K2O for cherts of the Kalisagar Formation (R2=0.94 
and R2=0.75) which indicate presence of these elements in K-bearing phyllosilicates and/or 
K-feldspar. Ba concentration is higher for laminated black chert facies of the Talpada and 
Sindurimundi Formations, but Sr has very similar values. Rb and Cs correlate positively with 
K2O (R2=0.89and R2= 0.55 respectively), which indicate presence of these elements in K-
bearing phyllosilicates and/or K-feldspar. Rb and Cs correlate negatively with SiO2 suggesting 
attenuation of these elements during silicification. 
Barium concentration is higher for banded black-and-white chert, laminated chert, vein chert 
and green chert rocks of the Tomka Formation, whereas Sr tend to be low in these rocks 
compared with the other formations. Rb and Cs correlate positively with K2O for banded black-
and-white chert + laminated black chert + vein chert, which indicates presence of these 
elements in K-bearing phyllosilicates and/or K-feldspar. Rb and Cs correlate negatively with 
SiO2 suggesting migration of these elements during silicification. 
6.6.2.5. HFSE (Zr, Hf, Nb, Y) and U 
Zr/Hf ratio for laminated black chert of the Kalisagar Formation ranges from 24 to 57.1, with 
average value of 37.9, which lies within the range of siliciclastic rocks of the Sindurimundi 
Formation and volcanic rocks of the Kalisagar and Talpada formations. High field strength 
elements (Zr, Hf, Nb and Y) in cherts show a positive relation with Al2O3, but do not show a 
discernable trend with SiO2. The former relationship indicates their presence in accessory 
phases such as zircon and monazite.  
High field strength elements (Zr, Hf, Nb and Y) for laminated-black and vein cherts of the 
Talpada and Sindurimundi Formations show a positive relation with Al2O3 (e.g., Zr: R2=0.9, Hf: 
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R2=0.9, Nb: R2=0.8 and Y: R2= 0.6 respectively), which indicates the presence of these 
elements in accessory phases such as zircon, monazite or apatite. On the other hand, SiO2 
vs HFSE is characterized by negative trend and further suggests the dilution of these elements 
during silicification. Uranium on the other hand, correlate positively with both Al2O3 (R2=0.7) 
but negatively with SiO2. Average Zr/Hf ratios for laminated black chert and vein chert are 40.2 
and 31.0 respectively. Y/Ho ratios for majority of the samples range between 21.9 to 33.3 for 
laminated-black cherts and 29.8 to 30.1 for vein chert are in the range of volcanic rocks of the 
Daitari belt (Figure 6.13).  
Few cherts of the Tomka Formation show enrichment of HFSE, which indicate a felsic source 
composition as these elements tend to be concentrated in felsic rocks (i.e., parentage of 
continental crust) and are relatively immobile. High field strength elements (Zr, Hf, Nb and Y) 
for banded black-and-white chert, laminated chert, vein chert show a positive relation with 
Al2O3 vs Zr, Hf, Nb, Y, which indicates the presence of these elements in accessory phases 
such as zircon, monazite or apatite. On the other hand, SiO2 vs HFSE does not show any 
discernable trend but Y shows a negative relation with SiO2, which further indicates dilution of 
Y during silicification and/or metasomatic processes. Uranium does not correlate with Al2O3 
but negatively with SiO2 for laminated-black and vein cherts. Average Zr/Hf ratio for banded 
black-and-white chert, laminated chert, vein chert (51.6), green chert (35.7) and BIFs (35.3) 
respectively. Y/Ho ratios for BIFs range between 35.7 to 44.8 (Figure 6.13), laminated-black 
cherts, vein chert and banded black-and-white chert between 22.9 to 50 and for green cherts 
it spans between 21.9 to 35.3, which fits the range of volcanic rocks from the Daitari belt but 
BIFs and some banded black-and-white chert have super-chondritic values that indicate close 




For comparison averaged chondrite normalized plots of volcanic and clastic rocks comprising 
mainly of komatiite, basalt, dacite and shales of the DGB are shown (Figure 6.15). The 
average (La/Sm)N ratio for the laminated black chert of the Kalisagar Formation is as high as 
3.76 and close to unity for Eu*/Eu. Cherts of the Kalisagar suite mostly show a mixed pattern 
and almost comparable to group-I basalts and dacites (Figure 6.16a). Average (La/Sm)N ratio 
for the laminated black chert variety of Talpada and Sindurimundi Formations is 3.7 and that 
of vein chert is 4.8 but both chert facies show a positive Eu anomaly (Figure 6.16b). Overall, 
laminated cherts of the DGB have an average (Gd/Yb)N close to 2.7. On the other hand, 
average ΣREE+Y value for most laminated-black cherts of the DGB is around 9.8. 
These cherts of the Talpada and Sindurimundi formations mostly follow corresponding trace 
element array as represented by dacitic rocks of the Talpada Formation and clastic 
sedimentary rocks of the Sindurimundi Formation (Figure 6.16b) although relatively low in 
REE abundance (10X magnitude in comparison to dacites). Cherts of the Tomka Formation 
remarkably shows a significant downward trend as seen by several tens of order magnitude 
in terms of their REE composition, when compared to cherts of the Talpada and Sindurimundi 
formations. Importantly, BIFs of the Tomka Formation share resemblance with the cherts of 
the underlying Sindurimundi and Talpada formations (Figure 6.16b) with Eu*/Eu close to 0.7. 
Laminated black cherts are represented by an average (Gd/Yb)N close to 3.2, while vein cherts 
have higher (Gd/Yb)N of 6.0. Average ΣREE+Y value for the laminated-black cherts are 34.2 




Figure 6.15. Average chondrite normalized REE diagrams of volcanic rocks of the Daitari Greenstone 
Belt.  
 
Figure 6.16. Chondrite normalized REE diagrams. a) Average bedded chert laminated black chert and 
vein chert of the Kalisagar Formation. b) Average bedded laminated black chert from Sindurimundi and 
Talpada Formations. c)Average banded black-and-white chert, granular chert, laminated black chert of 
the Tomka Formation. d) Average Tomka Formation BIFs. 
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Different cherts of the Tomka Formation show an average La/Sm(N) ratio for banded black-
and-white chert, laminated chert, vein chert close to 3.5, and 2.6 for BIFs. Eu anomaly with 
Eu*/Eu close to 1.2 for banded black-and-white chert, laminated chert, vein chert, and 0.7 for 
BIFs. BIFs are represented by an average high (Gd/Yb)N close to 2.7. On the other hand 
banded black-and-white chert, laminated chert, vein chert has (Gd/Yb)N of 1.8. Average 
ΣREE+Y value for BIFs are as high as 22.0, while for banded black-and-white chert, laminated 
chert, vein chert it is close to 4.3. BIFs of the Tomka Formation show variable (La/Yb)N and 
(La/Sm)N ratios as well as moderately fractionated LREE and HREE depletion (Figure 6.16d). 
PAAS normalized plots of bedded cherts from the Kalisagar, Sindurimundi and Talpada 
formations are largely flat lying (Figure 6.17a-b). Cerium anomaly recorded from average chert 
when compared to PAAS is considered to be not primary but an effect of alteration processes 
(Figure 6.17a). On average, cherts from the above-mentioned formations show a slight 
positive Eu anomaly, which in this case can be attributed to hydrothermal processes 
operational during the Archaean. Apart from these observations, no significant primary 
seawater signature is preserved in these cherts. PAAS normalized plots of Tomka cherts and 
BIFs are discussed in sub-section 6.7.10.2. Trace element data of cherts from the above-
mentioned lithologic units of the DGB are provided in Appendix A3, Table 10, 12 and 14. 
 
Figure 6.17. PAAS normalized REE-Y diagrams. a) Average bedded chert laminated black chert and 




6.7.1. Volcanic rocks of the DGB 
The DGB hosts a variety of volcanic rocks ranging from komatiites to dacites. Two main types 
of komatiites were distinguished, 1) Al-depleted (Barberton type) and 2) Al-undepleted (Munro 
type). Overall, the Daitari komatiites show relatively unfractionated REE patterns with slightly 
enriched MREE over LREE (Figure 6.2b-c). Average (Gd/Yb)N for Al-depleted komatiites of 
the DGB is close to ~1.23 (Figure 6.2c), with slightly enriched HREE signature when compared 
to Al-undepleted komatiites, which is in contrast to Kapilli komatiites of the Badampahar Group 
(Chaudhuri et al., 2017).  
Basalts form two distinct suites of rocks: 1) the high-Mg (Group-I) and 2) high-Fe (Group-II). 
The Zr-anomaly recorded in both komatiites and group-II basalts may be an effect of 
incomplete digestion of zircon, and is not treated in this study as an inherent characteristic of 
the ultramafic-mafic suite of the DGB. Conversely, Mukhopadhyay et al (2012) studied eight 
basaltic rocks from the DGB and argued for a modern subduction zone setting based on 
geochemical indicators such as Th/Yb vs Nb/Yb (Pearce, 2007) and Ti/Zr vs Zr (Knittel and 
Oles, 1994), whereby a combination of hydrous partial melting and/or contribution of aqueous 
fluid derived from subducting ocean-slab sediments led to derivation of such rocks. Group-I 
basalts in this study form a distinct suite of basaltic rocks (see Figure 6.5a-b), but group-II 
basalts share similarity in terms of the trace element composition (refer Figure 6.5c-d) with the 
basaltic lavas studied by Mukhopadhyay et al (2012).  
Felsic volcaniclastic rocks of the Talpada Formation mostly fall within the rhyodacite to trachy-
andesite field within the volcanic rock classification scheme of Winchester and Floyd (1977) 
(Figure 6.4b). Trace-element concentrations suggest strong enrichment pattern, in-particular 
LREE are enriched by orders of magnitude compared to MREE and HREE, whereby some 
samples show a flat to slightly enriched HREE enriched pattern (Figure 6.7a-b). A previous 
study by Mukhopadhyay et al (2012) reported highly enriched LILE over HFSE from the dacitic 
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rocks of the DGB and suggested an arc-forearc type geodynamic setting based on Nb/Y vs 
Zr/Y discriminant diagrams (Mukhopadhyay et al., 2008). Finally, intrusive granitoids of the 
DGB are marked by highly fractionated LREE, Nb-anomaly and a positive Zr-anomaly, when 
compared to PM-normalized diagram with several orders of magnitude enrichment of LREE 
over HREE in the chondrite-normalized REE patterns. 
In this study, I have refrained from using such discriminant diagrams but rather deploy 
geochemical indicators that are useful here to distinguish the different volcanic rocks in order 
to understand their composition for provenance interpretation of the various sedimentary rocks 
in the DGB. Petrogenesis and magmatic models related to the evolutionary history of the 
volcanic rocks of the DGB are not discussed in this study. Moreover, a recent study by Li et al 
(2015) pointed out the major drawbacks related to tectonic discrimination diagrams. For 
example, Th/Yb and Nb/Yb ratios overlap significantly with discriminant fields of the MORB-
OIB array. Furthermore, they refer to the difficulty in in distinguishing subduction related 
basalts from crustally-contaminated basalts, which may be due to assimilation of sub-
lithospheric magma with continental crust that may show pronounced Nb-Ta anomalies and 
enriched incompatible-element concentrations. In addition to these observations, Nb/Y vs Zr/Y 
diagram may be misleading in comparing highly altered basalts from fresh basalts. For 
example, it is evident from field relationship (see Chapter 4) and geochemistry that almost all 
volcanic rocks of the DGB have undergone sea-floor alteration, similar to that reported from 
the Barberton and Nondweni greenstone belts, South Africa (Hofmann and Harris, 2008; 
Hofmann and Wilson, 2007). This further confirms their elevated Y concentrations, reported 




6.7.2. Sedimentary rocks of the DGB 
In the following discussion, major and trace element data will be used to understand the source 
and provenance signature of the sedimentary rocks. Important factors such as source-area 
composition, sub-marine and/or sub-aerial weathering, diagenesis, and metasomatism may 
affect the composition of the clastic sequence of the Sindurimundi Formation (cf. Taylor and 
McLennan, 1985; Taylor et al., 1986; Wronkiewicz and Condie, 1987; Johnsson, 1993, 
Hofmann et al., 2003; Drabon et al., 2019). Sedimentary rocks of the Sindurimundi Formation 
are rich in phyllosilicates minerals (e.g., sericite-muscovite-chlorite-fuchsite) and heavy 
minerals, such as zircon and rutile. However, grain-size distribution due to hydraulic sorting 
(cf. Taylor and McLennan, 1985; Sawyer, 1995) cannot be considered to play a major role 
here as almost all sedimentary rocks of the Sindurimundi Formation represent turbidite 
deposits.  
To determine the composition of the sediment source area important elements that are least 
affected by secondary alteration, diagenesis and metamorphism such as REE, Zr, Cr, Th, Sc, 
and HFSE were considered in this study (cf. Taylor and McLennan, 1985).  It is crucial to 




6.7.3. Background on alteration and metamorphism 
Previous studies on volcano-sedimentary rocks of the Barberton and Nondweni greenstone 
belts, South Africa indicate that silicification and/or K-metasomatism is common for volcanic 
and clastic rocks during the Palaeoarchaean (Paris, 1985; Lowe and Byerly,1986; Hanor and 
Duchac; 1990, Hofmann, 2005; Hofmann and Harris, 2008; Ledevin et al., 2015). As reviewed 
by Ledevin (2019), geochemical characteristics of primary volcanic rock change significantly 
owing to interaction with metasomatic fluids such as seawater, hydrothermal fluids or both, 
although the final composition is largely dependent on the precursor material. HFSE and REE 
concentration of silicified sedimentary rocks are largely preserved but diluted to some extent 
due to silicification (Hanor and Duchac, 1990; Cullers et al., 1993; Kato and Nakamura, 2003; 
Hofmann, 2005; Rouchon and Orberger, 2008; Rouchon et al., 2009). Several authors have 
shown a systematic increase in SiO2 and K2O with a marked decrease in alkali metals, 
especially Ca and Na with decrease in bulk concentration of HFSE (Zr, Hf, Nb, Y), transition 
metals (Sc, Cr, and V) due to progressive silica addition (Duchac and Hanor, 1990; Kato and 
Nakamura, 2003; Hofmann, 2005; Ledevin et al., 2014). LILEs (Rb, Sr, Ba) are highly mobile 
and commonly enriched whereas Pb, Cu, Ni and Zn are found to be depleted (Rouchon et al., 
2009; Kato and Nakamura, 2003; Hofmann et al., 2013). REEs are largely immobile, except 
for LREE enrichment related to silicification processes (Hofmann and Harris, 2008). Hofmann 
(2005) indicated that alkali metals and LILE may be affected during low-grade greenschist 
facies metamorphism. 
Cause and timing of silicification have been a topic of debate, whereby Lowe and co-workers 
opined for a silicification in the topmost part of a volcanic pile together with overlying siliceous 
sediments taking place during subaerial or submarine weathering (Lowe et al., 1999; Lowe 
and Byerly, 2007). On the other hand, several workers (Duchac and Hanor,1987; Hanor and 
Duchac 1990; Hofmann and Harris 2008), based on detailed geochemical observations and 
characteristics of the altered volcanic rocks argued for syn-genetic silicification (shortly 
following emplacement) as a response to low-temperature hydrothermal activity driven by 
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thermal convection cells of mildly acidic fluids in a shallow to sub-surface environment with 
moderate heat flow. A detailed oxygen isotope study of the altered volcanic profile of the BGB 
volcano-sedimentary sequence led Hofmann and Harris (2008) to propose that Si-
metasomatism occurred below seafloor at 100-150ºC.According to these authors Si-
metasomatism is marked by loss in alkali metals, enrichment in K, Rb and Ba, LREE with 
sericitization of silicates, which is is a common to modern-day low-temperature hydrothermal 
settings (Ludden and Thompson, 1979; Hofmann and Harris, 2008). In contrast, K-
metasomatism during the Archaean took place as a result of seafloor alteration by CO2-rich 
seawater (~70ºC), also acidic (PH 5.5-6.5) and reduced, which led to formation of K-
phyllosilicates during early diagenetic alteration of the volcaniclastic particles (Rouchon and 
Orberger, 2008).  
6.7.4. Daitari Greenstone Belt 
The mineralogical assemblage of the DGB suggests a metamorphic peak of greenschist facies 
(Prasad Rao et al., 1964; Mukhopadhyay et al., 2008, 2012), although locally amphibolite 
grade metamorphic rocks close to younger intrusive plutonic contact are also observed 
(Chapter 4). In order to assess any detailed geochemical characterization of the DGB volcano-
sedimentary suite; a thorough consideration related to degree of alteration/metamorphism of 
the DGB volcano-sedimentary rocks remains imperative in the light of any inferences. Apart 
from regional greenschist facies metamorphic conditions, considerable alteration processes 
have affected the volcano-sedimentary rocks of the DGB, which is evident from field, 
petrographic and geochemical observations. Petrographic study indicates that feldspar, lithic 
clasts, and fine-grained groundmass within clastic sedimentary rocks of the Sindurimundi 
Formation are altered to phyllosilicate-microquartz matrix - as a result of post-depositional 
alteration. The exact timing of Si-K metasomatism is yet to be explored from the DGB, yet 
various tectono-thermal events affected the DGB at different stages linked to plutonic-
ultramafic complex emplacement, and regional metamorphism, especially at c. 3.38, 3.3 and 
3.1 Ga (Xie unpublished data).  
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6.7.5. Geochemical indicators used in this study 
As indicated by Bolhar et al (2004), the presence of clastic material within chemical 
sedimentary rocks may obscure seawater signatures preserved in their trace element 
geochemistry. In this study, cherts of the DGB contain a significant proportion of volcanic-
derived material as revealed from their petrographic and geochemical characteristics, which 
most likely indicate a local source terrain (cf. Hofmann et al., 2013). Therefore, a wide array 
of volcanic rocks are chosen to cover the entire compositional spectrum from ultramafic-mafic 
to felsic, in order to carefully evaluate the provenance of the clastic component in these cherts 
and to determine their depositional setting. (Figure 6.10a-b and Figure 6.12a-b; cf. Hofmann 
et al., 2013; Sugahara et al., 2010). For example, Hofmann and Bolhar (2007) noted that 
cherts of the BGB mostly formed in a deep marine setting and away from a continental 
landmass. The average concentration of the representative magmatic rocks is highlighted in 
Table 6.2 for a comparative understanding of the clastic material.   
In this study, discriminant diagrams of relatively immobile elements were adopted (i.e., Cr/Th 
versus Th/Sc and La/YbN versus Th/Sc; Figure 6.10c-d), which have previously been applied 
to determine bulk composition and the provenance of clastic material in cherts (cf. Hofmann 
et al., 2013). There ratios are affected by differentiation of igneous rocks (marked by decrease 
in Cr/Zr and increase in Th/Sc), and allow Drabon et al (2019). These authors further noted 
that Al2O3, HFSE and REE can be used as reliable geochemical indicators for provenance 
analysis in clastic rocks, such as shales. Therefore, fluid immobile elements such as Al2O3 
and TiO2 and trace elements (for e.g., HFSE, REE, Cr, Th, Ni and Sc) were considered in this 
study for provenance analyses. Details of average ratios such as Cr/Zr, Cr/Th, Th/Sc, 
(La/Sm)N, (La/Yb)N, Eu/Eu* and (Gd/Yb)N are summarized in Table 6.2 for comparison with 
the sedimentary rocks studied below.  
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6.7.6. Sindurimundi Formation-a case study on alteration of Archaean 
clastic rocks 
In general, SiO2 content of the Sindurimundi clastic rocks used in this study is controlled by 
post-depositional alteration and/or source area weathering. The Na2O and CaO abundances 
in Sindurimundi clastic rocks are low when compared to their source rocks, which include 
komatiites, basalts and dacites of the DGB. Field observation suggests extensive 
hydrothermal activity in the Kalisagar, Talpada and Tomka formations, while clastic rocks of 
the Sindurimundi Formation at specific stratigraphic levels are seen to be affected by black 
chert veins (e.g., stratiform and cross-cutting black chert). In this case, the latter is considered 
to indicate hydrothermal activity during the deposition of the Sindurimundi turbidite suite. Field 
based study indicates that primarily felsic volcanic rocks of the Talpada Formation acted as 
the important source rock for the Sindurimundi clastic rocks. In order to understand the clastic 
rocks of the Sindurimundi Formation, one needs to consider the precursor rock. 
It is important to note that a previous study on the epiclastic sedimentary rocks of the 
Hooggenoeg Formation, Barberton Greenstone Belt by Rouchon et al. (2009) have indicated 
that metasomatized dacitic volcanic rocks largely contributed to the formation of the epiclastic 
suite of rocks. This resulted in leaching of Ca, Mg, Fe, Na, Sr and Ba with subsequent 
enrichment in K, Si and Rb prior to erosion and deposition. Furthermore, these authors 
attributed the presence of K-feldspar and K-mica to low-temperature hydrothermal alteration 
of dacites prior to erosion and sedimentation, following which silicification took place 
synchronously during deposition.   
In this study, it is crucial to consider that almost all volcanic rocks of the DGB (komatiites, 
basalts and dacites) show variable degrees of alteration as they are now largely composed of 
talc, serpentine, actinolite, tremolite, chlorite, sericite, muscovite and minor epidote. More 
importantly, few felsic derived sedimentary rocks show marked depletion in Ca and Sr; 
however, Sr and Na show a positive correlation, which may indicate potential alteration of 
volcaniclastic particles and/or detrital glass material (cf. Hofmann et al., 2003). Subsequently, 
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replacement of feldspar and lithic-components by sericite-chlorite in the matrix is indicated by 
addition of K and Rb due to K-metasomatism (see section 6.7.8). The presence of sericite and 
pyrophyllite within the Sindurimundi clastic rocks indicates sericitization and pyrophyllitization 
(See Chapter 7 for petrographic description).  
Most felsic derived clastic rocks show a systematic enrichment in Al2O3, K2O, Rb and Zr, and 
a depletion in TiO2, Fe2O3, CaO, Na2O and Sr when compared to PAAS (Figure 6.11b. This 
marked enrichment of alkali metals is tied to K-metasomatism that largely affected the clastic 
sedimentary sequence of the Sindurimundi Formation (cf. Kimberley and Holland, 1992).  
6.7.7. Provenance of Sindurimundi clastic rocks 
Crucial discriminant element ratios (i.e., Cr/Th and Th/Sc; Figure 6.10a, Wronkiewicz and 
Condie, 1987; Condie and Wronkiewicz, 1990) were used to trace end-member compositions 
from ultramafic to felsic volcanic rocks in the provenance study. In addition to this, chondrite-
normalized REE ratios such as (La/Sm)N, (La/Yb)N and (Gd/Yb)N provided vital insights on 
LREE-HREE enriched and/or depleted sources (Figure 6.10a-b; Hofmann 2005; Hofmann et 
al., 2013), which can be correlated with the volcanic rocks of the DGB.  
The Sindurimundi sedimentary rocks are characterized by highly fractionated LREE and 
relatively depleted or flat lying HREE (Figure 6.11a), almost identical to the Talpada dacites 
(Figure 6.7b). Felsic-volcanic derived shales on average show high values of Th/Sc, (La/Sm)N, 
(La/Yb)N, ΣREE and variable for (Gd/Yb)N, whereas mafic derived shales are marked by  
relatively low Th/Sc, (La/Sm)N,  (La/Yb)N, and ΣREE. Eu*/Eu is variable for all the clastic 
sediments and is commonly below unity, suggesting a negative anomaly, the latter most likely 
reflecting the input of felsic volcanic detritus. Some mafic-derived shales are represented by 
high Cr and Ni contents, but less than ultramafic volcanic rocks of the DGB. Previous study of 
Archaean shales from Zimbabwe, South Africa and Australia have shown a significant influx 
of ultramafic derived material (Hofmann et al., 2003; Condie and Wronkiewicz, 1990; Hofmann 
et al., 2005; Drabon et al., 2109; McLennan et al.,1983b). 
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These occurrences of Cr-Ni enriched shales from the Daitari belt suggest an ultramafic-rich 
source terrain that was exposed to weathering and erosion, which led to ultramafic detrital 
input (refer Figure 6.9b), or contribution from tuffaceous material that was compositionally 
similar to ultramafic rocks of the Kalisagar Formation (see Figure 6.10c). Whether the 
Kalisagar Formation was exposed or not during the time of deposition of the Sindurimundi 
clastic sedimentary package it is unequivocally dominated by a felsic derived component. In 
this study, field relationships have indicated that the felsic-volcanic edifice is dominantly 
preserved at the core of the Talapada anticline but pinches out laterally (see Chapter 4).  
6.7.8. Source area weathering and/or hydrothermal alteration of the 
Sindurimundi Formation? 
Sedimentary rocks of the Sindurimundi Formation (e.g., shale, siltstone greywacke and 
silicified volcanic-derived sandstone) are marked by variable Al2O3 contents, and some 
samples are characterised by higher Al2O3 concentrations when compared to PAAS. This 
indicates moderate to high degree of chemical weathering of the source area. A widely used 
approach to study the degree of weathering is the chemical index of alteration (CIA; Nesbitt 
and Young, 1982), and chemical index of weathering (CIW).  
Various authors have argued that the degree of chemical weathering during the Archaean 
period was dependent on different parameters such as elevated surface temperatures, a 
highly reducing, CO2-rich atmosphere,  and rate of erosion in the source area  (Young, 1991; 
Kasting, 1993; des Marais,1994). However, a study of clastic sedimentary rocks of the BGB 
(Hofmann, 2005), has revealed the importance of careful interpretation of weathering indices 
(such as CIW and CIA), as these rocks were subjected to typical Palaeoarchaean alteration 
processes such as silicification and carbonatization due to intense hydrothermal processes 
(cf. Mukhopadhyay et al., 2012) and/or K-metasomatism.  
For example, high K-metasomatism may have led to enriched CIA values and need not reflect 
paleoweathering conditions.  Loss of Ca and Na during diagenesis and or alteration is evident 
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with an increase in CIA content (Hofmann et al., 2003). Average CIA for felsic-derived clastic 
sedimentary rocks of the Sindurimundi Formation is 76 and 90 for mafic-derived clastic rocks. 
Except for sample DM 71B, C and 44C, CIA values for almost all mafic-derived shales are on 
average ~90 and >75 for felsic-derived shales, which indicate a high weathering level for the 
majority of the shales (Figure 6.18). Average CIA values of shales from this study are 
comparable to average shale values previously reported from 70 to 75 (Nesbitt and Young, 
1982), which suggest high content in clay minerals. On the other hand, CIW values of mafic 
derived average 96, and much higher in the case of felsic derived shales that have an average 
of 99.1 (Figure 6.18). Some sedimentary rocks (e.g., shale and siltstone) show enriched SiO2 
and K, Rb concentration, which is direct proof for silica alteration/enrichment in these rocks 
and may indirectly serve as proxy for hydrothermal fluid interaction and movement in the area.  
 
Figure 6.18. Al2O3 – (CaO*+Na2O) – K2O(A-CN-K) diagram of Sindurimundi Formation (compositions 
as molar proportions, CaO* represents CaO of the silicate fraction only). Selected rock and mineral 
compositions and weathering trends (cf. Nesbitt and Young, 1984) are shown. Data for volcanic rocks 
rocks of the DGB such as dacites, komatiites and basalts from this study. 
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As discussed in sections 6.2.1, 6.3.1 and 6.4.1, almost all volcanic rocks of the DGB have 
suffered intense alteration, such as silicification and carbonatization (cf. Hofmann, 2005, 
Bolhar et al., 2004; Garde et al., 2012). This resulted in obscuring the actual, pre-alteration 
CIA values of the volcanic rocks. Where, CIA range for komatiites is 26.3 to 64.6, basalts 
range from 42.3 to 58.2, between 51.2 and 96.4 for dacites and granitoids with an average of 
64.9. Such high CIA values recorded in volcanic rocks have been argued to have been derived 
from intense alteration of plagioclase within igneous protoliths (cf. O’Neil et al., 2011).  
Some shales are marked by relatively low CIA values, which may not directly reflect the degree 
of weathering but rather source composition, grain size and clay minerals. Clastic rocks of the 
Sindurimundi Formation are largely derived from a predominant felsic source with few rocks 
showing a mafic-ultramafic parentage. Almost all clastic rocks are represented by high alumina 
contents compared to PAAS. Furthermore, alumina enrichment is also noted in some dacitic 
rocks of the underlying Talpada Formation (e.g., sample DM 3 and DM 4 show Al2O3 
calculated to anhydrous 100 wt.% content of 18.01 and 22.49 respectively), and on average 
the dacite samples have moderately enriched Al2O3 values that covers a range from 5.8 to 
15.9. 
On the contrary, Kalisagar komatiites have an average Al2O3 of 4.2 wt.%, but basalts cover a 
range between 9.9 to 13.9 wt .%. Within the A–CN–K ternary plot of Nesbitt and Young (1984, 
1989) (Figure 6.18), two shale samples plot close to the komatiite-basalt field towards the left 
part along the A–CN join, suggesting a locally derived mafic source, but the majority of shales 
show an advanced weathering trend and plot along a linear array near the apex of the A–K 
join, close to the Al2O3 apex. The latter is marked by shales that are derived from the erosion 
and weathering of the Talpada dacites. This enhanced degree of weathering is supported by 
intense K-metasomatism that is common to weathering profiles, post-depositional alteration 
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and/or Precambrian soil forming processes (Kimberley and Holland, 1992; Nesbitt and Young, 
1989; Fedo et al., 1995; Hofmann et al., 2003).  
It is noted in this study that clastic rocks of the Sindurimundi Formation were derived from a 
dominantly felsic source that underwent hydrothermal alteration. In addition to post-
depositional alteration processes, it remains important to consider the possibility of a pre-
existing altered volcanic source rock (cf. Hofmann, 2005; Garde et al., 2012). Most samples 
along the A–K join lie from ~70 to 83 (intersecting at~ 83), which highlight the importance of 
kaolinite and/or other clay minerals that converted into illite due to addition of K during the 
weathering process (Nesbitt and Young, 1982; Fedo et al., 1995).  
CIW values for all the samples along A–K join average at ~ 99.1, indicating significant Na-Ca 
removal resulting from breakdown of plagioclase feldspar. Based on the A-CN-K plot, 
Sindurimundi samples are characterized by dominant clay minerals (e.g., smectite and illite), 
that may indicate moderate to high chemical degrees of weathering or hydrothermal alteration. 
The latter is most likely to contribute similar changes to element variation patterns.  
6.7.9. Provenance study of DGB cherts 
6.7.9.1. Green chert facies of the Kalisagar Formation-Interpretation 
The green chert facies of the DGB is marked by high Al2O3, Fe2O3, Ni, Sr contents and lower 
TiO2, Rb (Figure 6.14c-d). Petrographically they consist of chlorite, fuchsite, sericite, 
microquartz, rutile (refer Chapter 4), and also preserve trace carbonaceous matter. The mafic 
component of these cherts is possibly contained in the chloritic matrix that formed largely from 
the decay of labile constituents, such as feldspar and lithic rock fragments. Green cherts (i.e., 
silicified mafic ash, and lapilli) of the Kalisagar Formation are interbedded with laminated black 
chert and volcanic rocks that include komatiites, pillow-basalts, ultramafic pyroclastic deposits 
(tuff). Here, two common rock-types primarily contributed to the derivation of the cherts within 
the Kalisagar Formation, namely komatiites and basalts. A dominant ultramafic to mafic 
composition is indicated by relatively low Th/Sc, HFSE, total REE with high Cr/Th (Figure 
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6.12a-b), Cr/Zr. A systematic decreasing trend is observed for MgO, Al2O3, TiO2, Fe2O3, K2O,  
CaO versus SiO2, reflecting strong attenuation and/or removal effect of these elements during 
silicification. In general, Al2O3 and TiO2 contents of the Kalisagar green cherts are higher 
compared to laminated-black cherts, suggestive of enrichment of detrital component, and is 
in agreement with the green chert studied from the Barberton Greenstone Belt (Hofmann et 
al., 2013).  
Average chondrite normalized plot of green cherts of the Kalisagar Formation suggests a 
steep pattern, with a marked depletion in HFSE (Figure 6.14a). They share identical pattern 
when compared to most group-I basalts and dacitic volcanic rocks and therefore, suggesting 
a mixed contribution from predominantly mafic to felsic terrain.  
6.7.9.2. Green chert facies of the Tomka Formation-Interpretation 
Green cherts of the Tomka Formation (e.g., silicified accretionary lapilli, and finely laminated 
ash) are particularly marked by high Cr/Th, Cr/Zr, low Al2O3/TiO2 content (Figure 6.14b), and 
depleted concentration of HFSE (e.g., Nb, Zr, Th, Hf and U; Figure 6.14d) that in general 
suggest tuffaceous material of ultramafic composition. They are marked by relative depletion 
of LREE over HREE (Figure 6.14b). In conclusion, Al2O3 and TiO2 contents of the Tomka 
green cherts are higher compared to banded black-and-white chert, laminated chert, vein 
chert, and thus, suggests a predominance of a detrital source mostly ultramafic in composition, 
and similar to the mafic sourced green chert studied from the Kalisagar Formation. This 
highlights the existence of an exposed mafic-ultramafic source material or entrainment of ash-
fall deposits derived from any distal sourced pyroclastic activity resulting in a moderately high 
clastic influx in these cherts. The latter is most favorable explanation as field relationships are 




6.7.9.3. Bedded and vein chert facies of the Kalisagar Formation-
interpretation 
Cherts of the Kalisagar Formation are typically enriched in Ni and Cr but other elements (e.g., 
Rb, Sr, Ba, Sc, and Zr) are depleted relative to PAAS, which indicate the presence of a 
predominant mafic-ultramafic provenance for the bulk of detrital input in these cherts. 
Laminated black chert (LBC) is characterized by higher ratios of (La/Sm)N, and (Gd/Yb)N when 
compared to basalts and komatiites but resemble closely the dacitic volcanic rocks from the 
Talpada Formation (see Figure 6.7b). LBC consists of silicified carbonaceous matter and 
clastic component, the latter may have been derived from volcanic rocks (e.g., komatiites 
and/or felsic volcaniclastic rocks such as dacites) of the DGB. On the other hand, high Cr/Th 
and low Th/Sc ratios recorded from Kalisagar and Tomka formations suggest evidence of 
detrital material derived from ultramafic source rocks (Figure 6.12a). High Cr/Th and variable 
Th/Sc ratios for the laminated-black cherts of the Kalisagar Formation suggest a likely mafic 
dominated source with minor contribution from felsic derived ash material. On the other hand, 
Y/Ho ratios for the majority of the samples range between 18.4 to 40.0 for laminated-black 
cherts (Figure 6.13).  
On average cherts of the Kalisagar Formation are also characterized by slightly enriched 
LREE pattern (i.e., 10X higher when compared to chondrite normalized ultramafic volcanic 
rocks, Figure 6.16a) with La concentrations higher than neighboring REEs. This trace-element 
characteristic of the Kalisagar cherts slightly differs with the underlying komatiites and basalts 
(Figure 6.5b). Such mixed composition can be easily explained by a combined contribution 
from both ultramafic-mafic to felsic provenance. The latter is likely to be more distal felsic 
pyroclastic detritus and/or ash material, which could act as a potential source for the detrital 
felsic component in these cherts (Figure 6.7b).  
Despite the abundance of ultramafic-mafic rocks associated with these cherts, they show a 
compositional similarity close to felsic volcanic source, which is also observed in some chert 
units of the Kromberg Formation and Fig Tree Group (Hofmann et al., 2013). This can be 
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either interpreted as active felsic magmatic event synchronous with the deposition of the 
Kalisagar cherts, with slim possibility from erosion of an older felsic volcanic unit, which is not 
exposed or has been eroded away. Furthermore, detrital zircons dated at c. ~3.52 Ga from 
the Sindurimundi sedimentary rocks (see Chapter 7) indicate a possibly older felsic volcanic 
event in the Daitari belt. This could potentially represent a synchronous explosive phase of 
magmatism resulting in contribution of felsic component into the Kalisagar cherts. A further 
detailed study of which is warranted.  
However, some laminated cherts reveal slightly elevated high Cr/Th and Th/Sc ratios, which 
indicates prominent mafic-ultramafic dominated source along-with contribution sourced from 
felsic rocks as seen in two chert samples that possess exceptionally high Cr/Th values of ~ 
258 (DM 81D) and ~ 376 (DM 96). 
6.7.9.4. Bedded and vein chert facies of the Talpada and Sindurimundi 
Formations-Interpretation 
Followed by the chemical sedimentary rocks of the Kalisagar Formation are the minor 
interbedded chert horizons of the Talpada and Sindurimundi Formations. In this study, chert 
from both the aforementioned formations are geochemically similar, and therefore, interpreted 
together. Classical example of alteration zones characterized by silicified/metasomatism 
overlain by laminated-black chert occur at the base as well as top of the Talpada sequence. 
This is marked by the presence of black chert-veins that intersect the altered/silicified felsic 
volcanic rock and bedded chert. Such chert veins below bedded chert horizon are argued to 
represent hydraulic fractures. The former most likely resulted from low-temperature 
hydrothermal activity during deposition of the bedded chert unit immediately below the 
seafloor, which is adapted on model of what was proposed for the hydrothermal activity 
recorded from the volcano-sedimentary rocks of the Barberton Greenstone belt (Hofmann and 
Bolhar, 2007). Although, the exact timing of such hydrothermal events in the DGB remain 
uncertain but may have operated during periods of volcanic-quiescence and throughout 
deposition of finely bedded stratiform chert units.  
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Another aspect of average stratiform laminated black-chert and black vein chert is that both 
show striking similarity in terms of geochemical composition (Figure 6.16b) and these 
observations are in agreement with the study of Hofmann and Bolhar (2007). These authors 
reported a close geochemical similarity between bedded chert and vein chert from the BGB. 
These authors postulated several processes such as interaction of host-rock material with 
hydrothermal fluid, infilling of hydraulic fractures by chert from above and contamination of 
vein chert by wall-rock fragments that may result in identical geochemical composition of 
bedded cherts and vein cherts.  
Relatively high Th/Sc ratios reported from cherts of the Talpada and Sindurimundi formations 
indicate a predominantly clastic-rich component in felsic composition with minor contribution 
from ultramafic rocks, as suggested from their average Cr/Th ratios (Table 6.2). Cherts of the 
Sindurimundi Formation are largely derived from the weathering and erosion of the underlying 
Talpada felsic volcanics and/or more likely, from volcaniclastic material of identical 
composition. Cr/Th and Th/Sc values for majority cherts (i.e., laminated-black chert, and vein 
chert) of the Talpada and Sindurimundi Formation are comparable with the underlying dacitic 
rocks (Figure 6.10b). This is supported by high concentration of HFSE (e.g., Nb, Zr, Th, Hf 
and U) that are generally enriched in felsic rocks relative to mafic rocks. Such enrichment in 
HFSE suggests felsic source rock components in all Talpada and Sindurimundi cherts. 
Similarly, (La/Sm)N, and (Gd/Yb)N ratios ( Figure 6.16b) are comparable to the dacitic rocks of 
the Talpada Formation (Figure 6.7b), which further affirms their predominant felsic derived 
composition. In addition to this, a minor input from mafic-ultramafic source composition may 
be reflected by low concentrations of Cr, Ni but relatively low Cr/Th values when compared to 
cherts of the Kalisagar and Tomka Formations.  
Besides, these cherts of the Sindurimundi and Talpada formations are characterized by highly 
enriched LREE pattern (i.e., 100X higher when compared to the chondrite normalized mafic 
volcanic rocks, Group-II basalts; refer Figure 6.16b and Figure 6.5b), identical to dacites with 
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La concentrations higher than neighboring REEs. The cherts of the Sindurimundi and Talpada 
formations are geochemically similar to the adjacent clastic sedimentary rocks (e.g., shales 
and greywackes), the former is considered to represent fine-grained silicified equivalent of 
clastic sediments (Hofmann, 2005).  
6.7.9.5. Tomka Formation-Interpretation 
The Tomka Formation is characterised by a predominantly orthochemical sedimentary 
sequence that consists of banded iron formation, banded black-and-white chert, minor 
granular chert, massive black vein chert and laminated black chert. The Tomka Formation 
(~1000 m thick) overlies the clastic sedimentary unit of the Sindurimundi Formation. Cherts 
and iron-formation of the Tomka Formation are seen to interfinger and can be laterally traced 
for several meters to kilometres in the field. This sequence is best preserved towards the south 
of Daitari mines township (see Chapter 4), but tectonically affected in the north, due to 
proximity with the c. 3.38 Ga granitoids (Xie, unpublished data). These rocks are overlain by 
predominantly mafic volcanic rocks of the Talangi Formation.  
Average of banded black-and-white chert, laminated-black chert and granular chert are 
represented by relatively high Cr/Th as compared to similar cherts of the Sindurimundi and 
Talpada formations with strikingly low Cr/Zr, Eu*/Eu, (La/Sm)N, (La/Yb)N and (Gd/Yb)N, 
although their LREE and HREE ratios correspond well with those of the Kalisagar cherts 
(Figure 6.16a). They are characterized by relatively low concentration of HFSE (e.g. Nb, Zr, 
Th, Hf and U) when compared to their counterpart from Sindurimundi and Talpada Formations. 
Furthermore, these cherts (Figure 6.16c) are characterized by a slightly enriched LREE 
pattern (i.e., higher when compared to the chondrite normalized ultramafic volcanic rocks but 
identical to group-II basalts and dacites). Therefore, these characteristics indicate a mixed 
derivation from ultra(mafic) rocks of the Kalisagar Formation and LREE-enriched volcanic 
material of the Talpada Formation but with an overall predominant ultramafic component.  
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Irrespective of their close proximity with the underlying felsic volcanic rocks, trace element 
ratios suggest that Tomka cherts compositionally lie close to mafic rocks, which indicate 
detrital input from tuffaceous material of mafic to ultramafic composition. This may be 
explained by contribution from distal mafic to ultramafic sources, resulting volcanic ash 
material incorporation on the Tomka seafloor. Thereafter, silicification the predominant clastic 
material resulted in formation of bedded chert units of the Tomka Formation. One important 
line of evidence in favor of a distal mafic source for the Tomka chert unit is the abundance of 
mafic tuff units reported from the upper part of the Tomka Formation. It is indicative of an 
explosive phase of mafic to ultramafic volcanism in the area, which led to derivation of mafic 
to ultramafic rich pyroclastic material (see Chapter 4). Or there is a possibility that some cherts 
were potentially derived by reworking of mafic volcanic rocks of the Sindurimundi or even 
Kalisagar Formation.  
6.7.10. Marine vs hydrothermal signatures 
6.7.10.1. Background 
Different authors concluded that PAAS-normalised marine, estuarine and river water REE 
patterns show very significant abundance peaks for the elements La, Ce, Eu and Gd (Kamber 
et al., 2004, Bolhar et al., 2007). Bolhar et al. (2004) indicated that REE-Y patterns of both 
modern and ancient seawater have characteristic features that can be used as chemical 
fingerprints. Seawater signature in chemical sediments are characterized by the following key 
features in PAAS-normalized REE-Y plots: a positive La anomaly (30-50%), a negative Ce 
anomaly in oxygenated settings, a positive Gd anomaly (15-30%) that may be obscured at 
times due to overabundance of Eu, a positive Y anomaly (expressed as superchondritic Y/Ho), 
LREE depletion over HREE when compared to input source chemistry (Kamber et al., 2004; 
Bolhar et al., 2004 and references therein) and generally positive Eu anomaly, which is a 
characteristic feature of the Archaean oceans.  
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Reliable proxies for Archaean chemical sediments that capture REE-Y chemistry have been 
demonstrated from BIFs, stromatolitic limestones and microbial carbonates, as REE-Y is 
considered to be reliable parameters largely unaffected by post-depositional overprint during 
diagenesis and metamorphism (Bau and Dulski, 1996; Derry and Jacobsen, 1990; Bau and 
Möller, 1993; Alibert and McCulloch, 1993; Kamber and Webb, 2001; Van Kranendonk et al., 
2003; Bolhar et al., 2005b). Precambrian iron formations are considered to be archives of 
physico-chemical composition primary seawater (Viehmann et al., 2015).  PAAS-normalized 
chemical sedimentary rocks that possess positive La-anomalies are considered a reliable 
indicator for derivation of REE from ambient seawater (e.g., Bau and Dulski, 1996; Kamber 
and Webb, 2001). Factors such as hydrothermal vs continental input, redox conditions of 
seawater, and particle-solution interactions influences REE-Y dominance in seawater 
(Elderfield, 1988). Bau (1999) suggested that pristine marine seawater proxies can be studied 
from REE+Y systematics and are intrinsic to hydrosphere, whereby La, Gd and Y anomalies 
are product of their unique complexation behaviour. While Kamber et al. (2004) pointed that 
Eu and REEs are affected by their supply to the ocean via rivers, dust and hydrothermal vents. 
Hence cannot be considered as a redox proxy of seawater.  
Yttrium and Ho have very similar ionic radii but behave differently in aqueous solutions due to 
differences in their complexation behaviour during their removal by particulate matter (Nozaki 
et al., 1997; Bau and Dulski, 1999). This results in high Y/Ho ratio relative to all volcanic and 
clastic sediments, which have an essentially constant Y/Ho ratio (Nozaki et al., 1997). Modern 
seawater has Y/Ho > 45, substantially higher than the chondritic value of 25–28.  
6.7.10.2. Tomka Formation orthochemical sediments-implications on 
early seawater composition 
In general, Tomka BIFs display a wide range of REE+Y, therefore the role of possible 
contamination requires critical assessment so that it can be reliably used to infer ancient water 
chemistry and depositional environments. The Tomka BIFs has a superchondritic Y/Ho ratio 
(35-44) and higher when compared to cherts that show chondritic values (22-35), except for 
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black-vein chert (i.e., sample DM 62 with Y/Ho of 40) and banded black-and-white chert (e.g., 
sample DM 104 that shows Y/Ho ratio of 50) see Figure 6.13. In a PAAS-normalized diagram 
(Figure 6.19a-b), cherts of the Tomka Formation preserve Eu-anomaly and a relatively flat 
lying MREE to HREE pattern, which is due to a high clastic component in these rocks and 
therefore, do not preserve pristine seawater signature. Kamber and Webb (2001) indicated 
that minor contribution of clastic input may result in obliteration of ambient seawater signals.  
 
Figure 6.19. PAAS REE-Y diagrams. a) Banded black-and-white chert, granular chert, laminated black 
chert of the Tomka Formation. b) Average BIF of the Tomka Formation.  
 
On the contrary, most Tomka BIFs show seawater signatures as mentioned above, which 
confirms their precipitation in marine environment with occasional influx of clastic input 
recorded in two BIFs resulting in contamination of pristine seawater signature. However, they 
show variable negative Eu anomalies (with Eu*/Eu<1) that slightly differs from those found in 
other Archaean BIFs. The latter are characterized by an increased flux of hydrothermal fluids 
into the oceans (as indicated by Eu/Eu* >1) (Derry and Jacobsen, 1990; Danielson et al., 
1992; Bolhar et al., 2004, 2005b). General lack of Ce-anomaly reflects reducing conditions, 
unlike modern day conditions, whereby a negative Ce-anomaly is characteristic of high levels 
of oxygen in the hydrosphere. In support of this view, Hofmann (2005) noted negative Ce 
anomaly from some cherts and greywackes potentially reflects secondary alteration processes 
and cannot be considered for seawater redox state during the Archaean. 
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It can be concluded that some BIFs of the Tomka Formation may represent pure marine 
precipitate with La, Gd, Y-anomaly and superchondritic Y/Ho ratio, except for two samples 
(i.e., DM 47L and DM 76A), which got affected by terrigenous contribution as reflected by their 
high REE+Y and relatively low Y/Ho (Figure 6.13).  
Overall, these results imply a significant contribution from tuffaceous material of ultramafic to 
felsic compositions into these sediments. Which is evident from two BIF samples that show 
high ΣREE contents, low Y/Ho (e.g., sample DM 47L and DM 76A). Overall, Y/Ho ratio (i.e., 
on average >35) suggests marine seawater signature with negligible HFSE contribution. 
These conditions are indicative of a detritus free depositional conditions and is evident from 
low ΣREE and high Y/Ho recorded in samples DM 17 A, DM 55A and 55B.  
6.8. Conclusions 
i) Clastic rocks of the Sindurimundi Formation largely indicate derivation from a local felsic 
volcanic provenance. Apart from the predominantly felsic source terrain for bulk of the clastic 
sedimentary rocks, discriminant trace element ratios in this study also suggests an important 
source derivation from mafic volcanic rocks that are compositionally very similar to the LREE-
enriched basalts (Group-I) of the Kalisagar Formation. Weathering indices used in this study 
(e.g., CIW, and CIA) are treated conservatively, which means that discussion on suggestions 
of moderate to extreme chemical weathering conditions remain to be evaluated more carefully. 
Several lines of evidence indicate that widespread sea-floor alteration, and post-depositional 
K-metasomatic processes affected the volcano-sedimentary rocks of the DGB. It is unclear, 
whether these above-mentioned weathering indices can be considered as reliable indicators 
for paleo-weathering conditions in this deformed greenstone terrain. Conversely, high Al2O3 
contents, elevated CIA, CIW values and presence of pyrophyllite may still indicate intense 
chemical leaching of the source terrain. Therefore, a further detailed study is warranted. 
ii) REE geochemistry of chert intercalated with the volcanic rocks (e.g., komatiites and basalts) 
of the Kalisagar Formation provides evidence for a mixed detrital input from ultramafic-mafic 
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and felsic rocks. Alteration processes linked to hydrothermal activity such as silicification 
largely affected these rocks, which is evident predominantly from SiO2, K, Rb and Ba 
enrichment, and noticeable depletion in alkaline and alkali metals (Ca and Na) and other fluid-
mobile elements for instance Mg, Sr, Co and Cu. When compared to chondrite-normalized 
pattern with respect to volcanic-rocks of the Kalisagar Formation, they bear resemblance with 
LREE-enriched basalts (Group-I) and rhyodacites of the Talpada Formation. However, green 
chert shows striking similarity with komatiite derived material or fine grained-tuffaceous 
deposits of ultramafic in composition as indicated by their high Cr/Th and Cr, Ni content. 
Silicification and carbonatization resulted in depletion of REE.  
iii) Cherts of the Sindurimundi and Talpada formations primarily consists of laminated black-
chert, minor granular chert and black vein chert. These sedimentary chert units and 
hydrothermally derived vein chert show geochemical signatures similar to dacitic rocks of the 
Talpada Formation. Cherts of both Talpada and Sindurimundi formations are derived from 
highly fractionated LREE felsic volcaniclastic rocks of the DGB. Similar occurrence of 
alteration zones with pronounced increased in silica content, and enrichment of K, Rb and Ba 
are also noted from the Kalisagar Formation. Relatively unfractionated HREE trend is 
commonly observed in these cherts.  
iv) Cherts of the Tomka Formation largely comprises banded black-and-white chert, laminated 
black chert, granular chert, black vein chert and most importantly green chert. All chert variety 
except for green chert contain carbonaceous matter (see detailed description Chapter 8). REE 
geochemistry of these cherts provide evidence for a source area that is dominantly ultramafic-
mafic in composition with minor contribution from felsic detritus. This raises questions related 
to unroofing of the older Kalisagar (ultramafic-mafic) sequence. Most reasonable explanation 
could be incorporation of tuffaceous material from distant ultramafic-pyroclastic activity during 
deposition of these chemical sedimentary suite, led to by contamination of ultramafic sourced 
detritus into otherwise these pure chemical precipitates. Conversely, a possibility still remains 
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that the Talpada felsic volcanic edifice acted as a trivial source terrain for some chert units. 
However, the lateral pinching out of the Talpada felsic volcanics may have exposed older 
mafic-ultramafic volcanic rocks of the Kalisagar Formation. This resulted in erosion and 
reworking of ultramafic-mafic source rocks into the Tomka cherts.  
v) A handful of banded black-and-white chert and BIFs of the Tomka Formation may provide 
evidence for pure seawater conditions during the Archaean, which is reflected in their PAAS 
normalized REE+Y pattern and elevated Y/Ho ratio. Therefore, these orthochemical 
sediments provide a rare window to study the pristine seawater signature of the 
Palaeoarchaean ocean. However, almost all laminated black chert, massive vein chert and 
granular chert preserve high clastic component, which obscure pristine seawater signals. 
Surprisingly, few BIFs contain dominant clastic sourced material, which precludes their pure 
orthochemical precipitation from marine seawater, and further needs more elaborate study of 
these rare BIFs. 
vi) Numerous chert horizons of the Kalisagar, Talpada and Tomka formations (e.g., laminated 
black chert, black vein chert and granular chert studied here) can be regarded as silicified 
equivalents of clastic rocks of the Sindurimundi Formation as they are akin geochemically. 
Abundance of carbonaceous matter throughout the volcano-sedimentary sequence of the 
DGB negates the possibility of their derivation from hydrothermal serpentinization processes 
common to ultramafic rocks. Moreover, carbonaceous matter of varying shapes does occur 
throughout the clastic and chemical sedimentary rocks of the DGB, and largely admixed with 
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Geochronology of the Sindurimundi Formation 
7.1. Introduction  
The Sindurimundi Formation comprises a turbidite sequence of conglomerate, sandstone, 
shale and chert, but so far lacked geochronological age constraints. One greywacke and two 
silicified sandstone samples (DM 71D and DM 10/2, DM 47D/3; refer Appendix A4, Table 1 
for sample locality, Figure 7.1) were analysed in this study for U-Pb age determination. 
Medium-grained sedimentary rocks of the Sindurimundi Formation (i.e., sandstone, 
greywacke) are characterized by the presence of predominantly sand-sized quartz, 
carbonaceous matter, fine parting of mud, and phyllosilicates such as sericite, pyrophyllite, 
chlorite, fuchsite and minor Fe-oxides, sulfides with minor rutile, sphene as accessory minerals 
(e.g., Figure 7.2a-f).  
DM 10/2 was sampled south of the Daitari Iron Ore Mine township on the road to the hilltop 
pit (see Figure 7.1). This sample is a silicified sandstone and is close to the top part of the 
turbidite suite of the Sindurimundi Formation. Sample DM 71D is a coarse-grained greywacke 
collected near the base of the Sindurimundi Formation south of Talpada village along a stream 
section. Silicified carbonaceous phyllites also form an important component of the 
sedimentary suite of the Sindurimundi package. A fine-grained silicified sandstone (DM 47D/3) 
was sampled north of the Daitari Iron Ore Mine township along river Kukurangi. This marks 
the northern limb of the regional anticlinorium, which is tightly-folded and highly strained 
towards the north (Figure 7.1). All samples contain an appreciable amount of felsic volcanic 
detritus. Because the sedimentary rocks overly a felsic volcanic unit but lack evidence for syn-





Figure 7.1. Geological map of the Daitari Greenstone Belt. Sample localities are marked by star symbol 
in the map  
 
7.2. Zircon U–Pb and Lu–Hf isotope analyses 
7.2.1. Sample DM 10/2 
See Chapter 3 for details related to U-Pb and Lu-Hf analysis. Sample DM 10/2 is a medium-
grained, silicified sandstone, which is intercalated with siltstone and minor chert bands from 
the upper part of the Sindurimundi Formation. It largely comprises angular volcanic quartz 
(≥200 µm), phyllosilicates, such as pyrophyllite-sericite, minor chlorite, abundant rutile, zircon 




Figure 7.2 Volcaniclastic derived sandstone that comprises abundantly occurring angular volcanic 
quartz, zircon within a fine-grained matrix of finely distributed sericite, minor carbonaceous matter and 
rutile as accessory mineral. b) Coarse grained sandstone with finely distributed CM, rutile, and 
pyrophyllite. Note: Ripped up carbonaceous fragment indicated by black arrows. c-f) Raman maps of 
rutile, pyrophyllite, silica and CM. g) Raman spectra showing carbon, rutile and pyrophyllite peaks. 
 
Detrital zircon grains comprise a homogeneous population of pink, angular to sub-angular, 
short prismatic, euhedral grains that display magmatic oscillatory zoning under 
cathodoluminescence and are free of any visible cores (Figure 7.3). Long-prismatic, euhedral 
grains are less common and often occur as broken or fractured grains. Few zircon grains 
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exhibit sub-angular to sub-rounded grain shape that suggest short transportation from the 
source. Size range of the detrital grains vary between 30 and 150 µm. Inclusions of variable 
sizes occur either at the center or at the rim. U and Th concentration in parts per million (ppm) 
ranges from 55 to 286 and 25 to 246 respectively (see Appendix A4, Table 1), while Th/U 
ratios range between 0.4 and 0.8, which is typical for a magmatic origin of these detrital zircons 
 
Figure 7.3. Cathodoluminescence images of representative zircons from sample DM 10/2 and their 
207Pb/206Pb age and epsilon Hf(t) data. Note circled spots that were targeted for LA-ICP-MS U-Pb and 
Lu-Hf analysis. 
 
Fifty-two spot analyses were conducted on fifty-two zircon grains. Forty-seven analyses show 
a degree of concordance of 95% and provide 207Pb/206Pb ages ranging from 3511 ± 5 Ma to 
3495 ± 4 Ma. Few zircon grains are marked by lead loss and lie on a discordia in the concordia 
diagram. Fifty-two zircon grains analyzed gave an upper intercept age of 3507 ± 3 (MSWD= 
1.6) and 819 ± 75 Ma as lower intercept age. 207Pb/206Pb dates of forty-six zircon grains are 
all concordant with very similar ratios (Figure 7.4), yielding an average 207Pb/206Pb mean age 




Figure 7.4. Concordia diagram of detrital grains showing LA-ICP-MS U-Pb analysis of sample DM 10/2 
with < 5% central discordance, inset shows concordia diagram of all analyses.  
 
 Lu-Hf analysis of ten concordant zircons were performed directly on top of the U-Pb spots. 
The results of Hf isotope analyses are reported in a εHf(t) vs. age diagram (Figure 7.5). The 
zircons analyzed show εHf(t) values between -1.08 to 1.60, which are near chondritic and initial 
176Hf/177Hf value that fluctuate from 0.2805032 to 0.2805367. 176Lu/177Hf ratios yield values 






Figure 7.5. Plot showing εHf(t) values vs. U-Pb ages of detrital zircon grains from the sedimentary rocks 
of the Daitari Greenstone Belt and previously published data from Singhbhum Craton that comprises 
detrital zircon grains between c. 3.53 to 3.51 Ga along with 3.5 to 3.3 Ga Singhbhum granitoids (Dey 
et al., 2017; Miller et al., 2018; Chaudhuri et al., 2018; Sreenivas et al., 2019, Upadhyay et al., 2019; 
Ranjan et al., 2020, see Chapter 5). 
 
7.2.2. Sample DM 47D/3 
 DM 47D/3 is a fine-grained, dark-grey silicified sandstone that consists of volcanic-derived 
angular quartz, abundant phyllosilicates such as sericite, muscovite, and minor zircon, rutile 
and carbonaceous matter (Figure 7.6a-c). Detrital zircon grains exhibit petrographic 
signatures similar to sample DM 10/2, as they comprise a homogenous population of pink 
colored grains that usually show angular to sub-angular, short prismatic euhedral shapes, 
which are zoned under cathodoluminescence (Figure 7.7). 
Frequently these grains are broken or fractured mostly along margins, which may be by 
induced by strain from milling. Zircon grains are free of any visible cores. They show magmatic 
parallel banding and oscillatory zoning. Size range of the detrital zircon grains vary between 
>50 and <150 µm. Inclusions of variable sizes and colors occur either at the center or at the 
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rim. The concentrations of uranium and thorium (Appendix A4, Table 3) are between 96-305 




Figure 7.6. Photomicrographs of sample DM 47D/3. a) Silicified sandstone that comprises volcanic 
quartz, abundant CM, detrital grains such as zircon and rutile. Note: Highly angular quartz grains, which 
suggests near source derivation from the underlying felsic volcanic rocks. Black arrow indicating angular 
volcanic quartz. b) Enlarged view of thin-section DM 47D, S0/S1, which is represented by sericite-
microcrystalline quartz with occurrences of zircon and angular volcanic quartz. Note: White arrow 
indicates zircon and black arrow marks sericite-quartz matrix. c) Silicified sandstone with quartz, zircon, 
and finely distributed CM as matrix. Note: White arrow showing zircon grain, while black arrow suggests 





Figure 7.7. Photomicrographs of representative cathodoluminescence images of detrital zircon grains 
from sample DM 47D/3. Note: Circled spots are shown that were targeted for LA-ICP-MS U-Pb analysis. 
 
Forty-nine spot analyses were conducted on forty-six zircon grains. Forty-two analyses show 
a degree of concordance between 90 and 110% and provide 207Pb/206Pb ages ranging from 
3525 ± 7 Ma to 3485 ± 4 Ma. Forty-six zircon grains analyzed gave an upper intercept age of 
3503 ± 4 (MSWD= 10.9) and 385 ± 170 Ma a lower intercept age. 207Pb/206Pb dates of forty 
zircon grains are all concordant with very similar ratios (Figure 7.8a), yielding an average 
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207Pb/206Pb mean age of 3506 ± 3.0 Ma (MSWD=8.6 and 95% confidence). Five slightly older 
zircon grains provided a mean 207Pb/206Pb age of 3520 ± 4 Ma (MSWD= 0.33 and 95% 
confidence), which are interpreted to reflect xenocrystic zircon grains (Figure 7.8b).  
Figure 7.8. a) Concordia diagram of detrital grains showing LA-ICP-MS U-Pb analysis of sample DM 
47D/3 with < 5% central discordance, inset shows concordia diagram of all analyses. b) Concordia 
diagram of detrital grains showing five zircons with a mean weighted average of 3520 ± 4 Ma.  
 
7.2.3. Sample DM 71 D 
Sample DM 71D is a medium-grained greywacke that is intercalated with shale and minor 
chert near the basal part of Sindurimundi Formation. It largely comprises volcanic derived 
quartz, feldspar, phyllosilicates such as muscovite, sericite, chlorite. Detrital zircon grains 
studied from sample DM 71D share similarities with zircon grains of sample DM 10/2 and DM 
47D/3. They comprise of a homogenous population of pink colored grains, which usually show 
angular to sub-angular, prismatic, euhedral grains and are often zoned under 
cathodoluminescence although long-euhedral grains are common. Zircon grains are broken 
or fractured along the margins but free of any visible core and display oscillatory zoning under 
cathodoluminescence (Figure 7.9). Size range of the detrital zircon grains vary between 50 
and 400 µm. Zircon grains record variable concentration of uranium and thorium values 
(Appendix A4, Table 4) within 41-386 ppm and 16-210 ppm respectively and Th/U ratios that 





Figure 7.9. Photomicrographs of representative cathodoluminescence images of detrital zircon grains 
from sample DM 71D. Note circled spots are shown that were targeted for LA-ICP-MS U-Pb and Lu-Hf 
analysis. 
 
Thirty-nine spot analyses were conducted on thirty-six zircon grains. Thirty-five analyses show 
a degree of concordance between 90 and 110% and provide 207Pb/206Pb ages ranging from 
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3527 ± 12 Ma to 3485 ± 4 Ma, although few zircon analyses in the Concordia diagram shows 
lead loss. Thirty zircon grains analyzed gave an upper intercept age of 3521 ± 10 (MSWD= 
0.81) and 1202 ± 360 a lower intercept age (Figure 7.10a). 207Pb/206Pb dates of twenty zircon 
grains are all concordant with very similar ratios, yielding an average 207Pb/206Pb mean age of 
3503± 4 Ma (MSWD = 1.9 and 95% confidence). Four slightly older zircon grains provided a 
mean 207Pb/206Pb age of 3523 ± 11 Ma (MSWD = 0.061 and 95% confidence, see Figure 
7.10b). Lu-Hf analysis were performed on ten concordant zircons directly on top of the U-Pb 
spots. The results of Hf isotope analyses of ten dated zircons are reported in a εHf(t) vs. age 
diagram (Figure 7.5). The zircons analyzed show εHf(t) values between -0.22 to 0.97, which 
are near chondritic and initial 176Hf/177Hf value that fluctuate from 0.280474 to 0.280523. 
176Lu/177Hf ratios yield values between 0.0822 x10-2 to 0.1882 x10-2 (Appendix A4, Table 5).  
Figure 7.10. a) Concordia diagram of detrital grains showing LA-ICP-MS U-Pb analysis of sample DM 
71D with < 5% central discordance with a mean age of 3503 ± 4 Ma, inset shows concordia diagram of 





7.3. Discussion  
A total of one hundred forty LA-ICP-MS U-Pb analyses on one hundred thirty-four zircon grains 
were performed from three different samples of the Sindurimundi turbidite sequence. 
Furthermore, twenty Lu-Hf LA-ICP-MS analyses were conducted from samples DM 10/2 and 
DM 71D. Silicified sandstone sample DM 47D/3 provided a weighted mean 207Pb/206Pb age of 
3506 ± 3 Ma. This age is similar to c. 3507 ± 2 Ma obtained from the Talpada Formation (cf. 
Mukhopadhyay et al., 2008; Sreenivas et al., 2019). Based on well-preserved zircon grains, 
which are marked by high Th/U ratios, magmatic oscillatory zoning, similar concordant ages 
when compared to the underlying Talpada volcanic rocks, therefore, this age can be taken to 
reflect the age of crystallization of the Talpada volcanics. Furthermore, four concordant zircon 
grains from DM 47D/2 yielded a weighted mean 207Pb/206Pb age of 3520 ± 4 Ma (MSWD = 
0.33 and 95% confidence). 
Sample DM 10/2 and DM 71D yielded a weighted mean 207Pb/206Pb age of 3502 ± 2 and 3503 
± 4 Ma respectively, and all concordant zircons analysed show magmatic Th/U ratios with 
oscillatory zoning observed in CL images that are consistent with magmatic zircons of the 
Talpada Formation. DM 71D provided with four concordant zircon grains with a weighted mean 
207Pb/206Pb age of 3523 ± 11 Ma (MSWD = 0.061 and 95% confidence), similar to the older 
xenocrystic age population recorded from sample DM 47D/3. The U-Pb detrital zircon age 
obtained from DM 10/2 and DM 71D are indistinguishable, and within an error of few millions 
of years when compared to the felsic volcaniclastic rocks of the Talpada Formation dated at 
3507 ± 2 Ma (Mukhopadhyay et al., 2008; Sreenivas et al., 2019). I infer the obtained age 
cluster at c. 3505 Ma with an error of few millions of years to be indistinguishable from the 
dacitic volcanic rocks dated by Mukhopadhyay et al (2008) and Sreenivas et al. (2018). Thus, 
the detrital zircon age presented here is representative of the dominant felsic magmatic event 
in the Daitari belt. In addition, obtained detrital zircon age of c. 3.505 Ma, in all-likelihood 
reflects the maximum age of deposition of the Sindurimundi Formation.  
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Obtained detrital U-Pb zircon ages from the Sindurimundi Formation are seen to cluster 
around c. 3505 Ma, which further suggests a predominant source derivation from the 
underlying felsic volcaniclastic rocks of the Talpada Formation  
Lu-Hf analyses of twenty concordant zircons from samples DM 10/2 and DM 71D were 
performed directly on top of the U-Pb spots. The results are reported in a εHf(t) vs. age diagram 
(Figure 7.5), with chondritic uniform reservoir (CHUR) parameters of Bouvier et al., 2008 
(176Lu/177Hf = 0.0336; 176Hf/177Hf = 0.282785) and depleted mantle (DM) evolution of Griffin et 
al., 2002; 176Lu/177Hf =0.0384), assuming a linear evolution from c. 4.5 Ga onwards with 
Lu/Hf~0. Initial Hf compositions were calculated using the concordant U-Pb age of ~ 3510 Ma 
with initial. The εHf(t) values obtained on ten detrital zircons from each sample (i.e., DM 10/2 
and DM 71D), which also includes few xenocrystic grains. The zircons analyzed show εHf(t) 
values between -1.08 to 1.60 and are thus near chondritic. Subsequently, the detrital zircons 
dated at c. 3520 Ma suggest derivation from a felsic volcanic source of similar composition 
when compared to those dated at c. 3505 Ma, which is reflected by their near chondritic εHf(t) 
values, strikingly similar to the εHf(t) values from magmatic zircons of the Gorumahisani 
Greenstone Belt (see Chapter 5). This can be explained either by a juvenile mafic source that 
resulted in eruption of c. 3.52 Ga felsic volcanic event or a younger magmatic event at c. 3.51 
Ga, which incorporated the former inherited zircon xenocrysts (also see Chapter 5). 
Such, near chondritic Hf-in-zircon data indicate a juvenile source for these felsic volcaniclastic 
rocks, which either suggest physical reworking of slightly older felsic volcanic components that 
may be present in the DGB or incorporation of slightly older felsic basement material in the 
magma source that must have had a similar crustal evolution as the zircons show the same 
Hf isotopic composition (cf. Kroner et al. 2013). Nearly 10% of detrital zircon ages obtained 
from the Mesoarchaean Mahagiri/Keonjhar quartzite that non-conformably overlies the 
granitoid-greenstone basement have U-Pb population cluster ages around c. 3.53-3.51 Ga 
(Mukhopadhyay et al., 2014; Sreenivas et al., 2019, Ranjan et al., 2020, see Figure 7.5). A 
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young, largely juvenile mafic crust as a source is also indicated by the absence of much older 
zircon xenocrysts and the zircon Hf data close to chondritic values. This is in accordance with 
Hf isotope data from 3.3 to 3.5 Ga Singhbhum granitoids that generally are close to chondritic 
to supra-chondritic composition (Dey et al., 2017, 2019; Figure 7.5). Detrital zircon grains 
dated around c. 3.53 to 3.51 Ga also yielded chondritic εHf(t) values that range from -1.0 to 2.8 
(Sreenivas et al., 2019, Ranjan et al., 2020, refer Figure 7.5). This suggests widespread felsic 
volcanism and thus crust formation process at c. ~ 3.5 Ga ago in the Singhbhum Craton.  
7.4. Conclusion 
Detrital zircon grains recovered from the sedimentary rocks of the Sindurimundi Formation 
yielded U-Pb zircon ages indistinguishable from the 3506 ± 2 Ma old dacitic rocks of the 
Talpada Formation (Mukhopadhyay et al., 2008; Sreenivas et al., 2019). Detrital zircon age 
data presented in this study at c. 3.51 Ga is considered to reflect the maximum age of 
deposition for the Sindurimundi Formation. This U-Pb zircon age determination from the 
sedimentary sequence of the Sindurimundi Formation, imposes questions related to different 
stages of magmatic event of the Talpada Formation. One possibility is to consider a 
stratigraphically younger felsic volcanic unit that provided slightly younger age cluster to c. 
3505 Ma, which remains speculative. Furthermore, the xenocrystic zircons dated at c. 3.52 
Ga in samples DM 71D and 47D/3 suggests a slightly older age xenocrystic population, 
corresponding to an early phase of magmatic event in comparison to the felsic volcanic rocks 
dated at c. 3.51 Ga, which remains speculative until coherent field and age relationships are 
considered from the Talpada Formation, DGB. Therefore, the age of the Talpada Formation 
covers a range from c. 3.52 to 3.50 Ga in the DGB, which is reflected from the detrital zircon 
record of the Sindurimundi sequence. Apart from the well-preserved dacitic volcanic rocks 
dated at c. 3.51 Ga, these age clusters at c. 3.52 and 3.50 Ga definitely indicate a multi-phase 
felsic volcanism in the Singhbhum Craton, which is also recorded from the c. 3.53 Ga old 
zircon xenocrysts found within felsic volcaniclastic rocks dated at c. 3.51 Ga from the 
Gorumahisani belt (see Chapter 5). The former age is contemporaneous to the felsic volcanic 
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units of the Kaapvaal Craton such as ‘Theespruit Formation, Barberton Greenstone Belt, and 
Toggekry Formation, Nondweni Greenstone Belt, South Africa (cf. Kroner et al. 2013, Xie et 
al., 2011). More interestingly, the latest detrital zircon ages imply a deeper understanding of 
the felsic magmatic events around c. 3.5 Ga, which may either indicate repeated pulse of felsic 
eruptions ranging from c. 3.53 to 3.50 Ga in the Singhbhum Craton. With dominant and 
widespread event recorded at c. 3.51 Ga, whereas the rest are yet to be discovered or have 
been obliterated due to paleo-erosional processes.  
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Insights into early life evidence from the 3.51 Ga sedimentary record of 
the Daitari Greenstone Belt, India 
8.1. Introduction 
Studies of early life include the search for potential biological signatures preserved in the rock 
record of ancient cratons. This is problematic in terrains that have experienced high-grade 
metamorphism (e.g., amphibolite facies and above), such as in the North Atlantic craton, 
where the oldest supracrustal rocks are found (van Zuilen et al., 2002; Alleon et al., 2018; 
Allwood et al., 2018; van Zuilen, 2018; Whitehouse et al., 2019). Controversial claims for 
‘microbial stromatolite layered structures’ (1-4 cm high) from the ca. >3.7 Ga Isua supracrustal 
belt (ISB) of Greenland (Nutman et al., 2016), or arguments related to putative fossilized 
microorganisms in hydrothermal vent precipitate from the >3.7 Ga Nuvvuagittuq belt in 
Canada (Dodd et al., 2017) have been proposed. Indirect evidence of life in the form of 
graphite has been argued from ca. 3.95 Ga metasedimentary rocks of Saglek Block, Labrador, 
Canada and 3.7 Ga old pelitic schists of Isua Supracrustal Belt (Ohtomo et al., 2013; Tashiro 
et al., 2017).  
Prior to these recent reports, further contentious claims of ca. 3.8 Ga life from Greenland were 
presented by Mojzsis et al. (1996) and Rosing (1999), based on carbon-isotope composition 
within graphitic inclusions associated with apatite, and isotopically reduced carbon, 
respectively. On the contrary, different authors have indicated that so-called ‘ancient graphite’, 
which was previously postulated to be of biogenic origin, instead were contributed by late-
metamorphic fluids of abiogenic source (Papineau et al., 2010a, b; Lepland et al., 2011). 
Furthermore, recent studies have questioned the authenticity of the above-mentioned claims, 
as these findings lack proper field relationship and precise geochronological data. Intense 
deformation and high-grade of metamorphism in these ancient supracrustal terrains in all 
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likelihood have obliterated any original signals of life. Therefore, sedimentological, 
geochemical and stable isotope studies of those rocks have met with criticism (Allwood et al., 
2018; Whitehouse et al., 2019; Zawaski et al., 2020). More interestingly, research on 
serpentinization of the ocean floor (McCollom and Seewald, 2006, 2007) have shown that 
‘Fischer-Tropsch (FT) synthesis’ can occur in hydrothermal vents, whereby non-biological 
decarbonation reactions are capable of mimicking a lighter carbon isotopic signature with no 
biological processes involved. Similarly, abiogenic processes may lead to morphologies that 
mimic ‘microfossil-like features’, also known as ‘biomorph’ (García-Ruiz et al., 2003; Rouillard 
et al., 2018). Several plausible criteria have been proposed that should be met to reject the 
‘null-hypothesis’ of abiogenic origin in recognition of early vestiges of life (García-Ruiz et al., 
2003; Brasier et al., 2006; Wacey, 2009; Rouillard et al., 2018). 
Despite the fact that high-grade metamorphic terrains provide us with glimpses of early Earth 
processes and a potential window for early life investigation, they remain highly contested due 
to the negligible primary preservation potential of these rocks. Research related to traces of 
early life is therefore treated with utmost caution, particularly with regards to the presence of 
stromatolites, microfossils, or even indirect geochemical tracers (e.g., light δ13C isotope 
signatures). Therefore, a careful consideration of highly deformed and metamorphosed 
terrains from Greenland and Canada is thus warranted (Nutman et al., 2016; Dodd et al., 2017; 
Tashiro et al., 2017; Allwood et al., 2018; Whitehouse et al., 2019).  
Despite these concerns, more convincing examples of ancient life have been acknowledged 
in the past few decades from the Kaapvaal and Pilbara cratons, two well-preserved 
Palaeoarchaean supracrustal successions that have only experienced low-metamorphic 
grade metamorphism (Tice and Lowe, 2006; Wacey et al., 2009). Detailed investigations of 
Archaean cherts from South Africa and western Australia have provided vital insights into early 
ocean chemistry and improved our understanding related to early Earth environments 
(Sugitani et al., 1996; Knauth and Lowe, 2003; Knauth, 2005; Hofmann and Bolhar, 2007; 
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Hofmann and Harris, 2008; Westall et al., 2015). Low-grade carbonaceous cherts from the 
Barberton Greenstone Belt (BGB) of the Kaapvaal Craton in South Africa and Swaziland have 
yielded genuine microbial biosignatures. These include filamentous microbial assemblages, 
and lens- to spindle-shaped microorganisms, together with highly depleted δ13C values 
preserved in these cherts; the latter is treated as indirect evidence for microbial activity during 
the Archaean (Walsh, 1992; Hofmann, 2005; Tice and Lowe, 2006; Hofmann and Bolhar, 
2007). Tice and Lowe (2004) provided indisputable evidence of microbial mats from the 
shallow-marine environment of the Buck Reef Chert, BGB.  
Carbonaceous matter (CM) preserved within the carbonaceous cherts of the BGB have been 
demonstrated to be of biological origin based on several lines of evidence that includes 
morphology, δ13C values, Raman spectroscopy, high-resolution SIMS analysis and nano-XRF 
imaging of putative microfossils respectively (Walsh, 1992; Walsh and Lowe, 1999; Tice and 
Lowe, 2006; Oehler et al., 2017; Lemelle et al., 2017). 
Likewise, the 3.4 Ga Archaean record of the Pilbara Craton has produced the oldest known 
stromatolites, as well as lensoidal- to spindle-shaped microfossils and geyserite from the 3.48 
Ga Dresser Formation (Allwood et al., 2006; Sugitani et al., 2010, 2015a, Djokic et al., 2017). 
The latter provided further evidence of life in the form of stromatolites, microbial palisade 
fabric, and exopolymeric substance (Djokic et al., 2017). More recent study on the lenticular 
and spindle-shaped microfossils of the Pilbara Craton have shown their planktonic lifestyle 
and taphonomic similarity with those reported from the Kaapvaal Craton (House et al., 2013; 
Oehler et al., 2017; Kozawa et al., 2018).  
Almost all potential biosignatures from the Kaapvaal and Pilbara cratons, however, are 
restricted to stratigraphic units younger than ~3.5 Ga. Because of a sparse geological record, 
well preserved meta-sedimentary horizons older than ~3.5 Ga are scanty, hampering our 
understanding of early Earth processes. Any well-preserved, older supracrustal rock record 
(i.e., greenschist facies metamorphism) hold significant clues for addressing questions related 
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to the genesis of carbonaceous rocks (e.g., cherts, and shales), which may reveal insights into 
potential traces of early life on Earth (Schopf, 1993; Braiser et al., 2005; Tice and Lowe, 2004; 
Walsh, 1985; Hofmann, 2005; Ueno et al., 2006; Sugitani et al., 2010, 2015a). Apart from 
Palaeoarchaean carbonaceous metasedimentary rocks, iron formations in particular have 
been investigated to understand earliest microbial processes (Smith et al., 2015; Posth et al., 
2013; Kappler et al., 2005; Konhauser et al., 2002; Towe, 1991). Of particular interest is the 
transition from a carbon-rich and silica-saturated ocean (cf. Maliva et al., 2005; Ledevin 2019), 
resulting in the formation of banded carbonaceous cherts on one hand, whereas elevated iron 
concentrations gave rise to banded iron formations (BIFs; Posth et al., 2013) successively. 
This intriguing shift in ancient oceanic environments recorded from the chemical sedimentary 
rocks of the Daitari Greenstone Belt (DGB) remains to be evaluated.  
The following discussion covers earliest vestiges of life from the ca. 3.5 Ga carbonaceous 
sedimentary rock record of the DGB, where morphological and isotopic systematics combined 
with Raman and chlorite thermometry addresses key issues related to preservation potential 
of these ancient supracrustal rocks.  
8.2. Carbonaceous matter (CM) 
Bedded and vein cherts of the DGB preserve a wide range of carbonaceous matter (CM) such 
as wavy to crenulated carbonaceous lamination, carbonaceous wisps, granular CM (e.g., 
amalgamated carbonaceous matter with microcrystalline quartz), and minor diffuse CM. An 
elaborate description of the different CM, their genesis and potential links to any trace of early 
life are attempted below. Mainly three carbonaceous rock types (e.g., banded black- and 
white-chert, laminated chert, and massive black vein chert) can be held accountable for much 
of the CM preserved in the sedimentary rock record of the DGB. Laminated and massive black 
vein chert mostly comprise granular CM with trace carbonaceous laminae in an otherwise 
silicified volcanic detritus-rich matrix with micro-crystalline quartz. 
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8.2.1. Banded black-and white-chert (BBWC) 
BBWC forms the most abundant chert facies of the DGB. It is mainly composed of alternate 
bands of white microcrystalline quartz, and dark carbonaceous rich chert, with minor silicified 
carbonate and rare occurrence of pyrite (Figure 8.1a-f). Specifically, the archetypal feature of 
this chert facies is the association of finely laminated to crinkle carbonaceous-rich domains 
that are evenly layered with white- microcrystalline quartz. Additionally, medium- to coarse- 
grained, sand-size CM make-up a sizeable proportion of sedimentary material in the BBWC.  
 
Figure 8.1. a) Crinkle layered lamination. b) Wavy to anastomosing laminations less than 1–2 mm thick. 
c) Finely laminated CM with detrital carbonaceous clots. d) Crenulated carbonaceous laminations with 
coarse detrital carbonaceous clots (white arrow). e) Sand-size granular carbonaceous material. f) 




8.2.2. Laminated black chert (LBC) 
LBC consist of detrital accumulation from volcanic debris (e.g., reworked volcanic quartz, 
silicified ash material; Figure 8.2a-b) admixed with medium- to fine-grained CM. The former is 
composed of sand-size grains intergrown with micro-quartz, rutile, chlorite, and / or sericite 
and Fe-oxide. Dark laminations are made of CM (e.g., carbonaceous wisps, lobate CM, or 
rolled-up laminations and fine micro-quartz. Silicified carbonate-rhombs are commonly 
observed, which collectively indicate an early diagenetic replacement of volcanic particles and 
syn-depositional carbonate such as ankerite / siderite (Figure 8.2b).  
 
Figure 8.2. a) Finely laminated carbonaceous chert with bedding parallel carbonaceous wisps, which 
mostly represent highly compacted CM grains and volcanic detritus. b) Wispy CM with silicified 
carbonate rhomb (shown by white arrow). 
 
8.2.3. Massive black chert (MBC) 
MBC is mostly represented by cross-cutting to stratiform vein chert in this study. They are 
characterized by coarse to medium-grained granular CM that are preserved largely as 
uncompacted coarse-sand size carbonaceous grains, volcaniclastic grains, silica granules, 




8.3. Variants of carbonaceous matter 
8.3.1. Carbonaceous laminations 
Carbonaceous laminations of varying nature and dimensions are recorded from the BBWC 
and LBC facies. Dominantly CM is represented by several µm to few cm thick laminations, 
and often seen to represent distinctive suites of laminae (e.g., flat parallel to bedding plane, 
crinkly layered, anastomosing to bifurcating type; Figure 8.1a-f). Numerous thin laminae of 
continuous to minor discontinuous, carbonaceous rich domains form a thick meso-band, the 
latter is ≥1 cm thick, separated by evenly distributed pure-microcrystalline chert (Figure 8.1a). 
Locally carbonaceous laminations are seen to form an anastomosing pattern that usually is 
characterized by even thickness between intra-lamination (Figure 8.1b). In addition, crinkly 
layered to crenulated carbonaceous laminations made of non-isopachous laminae are 
observed, frequently accompanied by coarse detrital carbonaceous grains underneath (Figure 
8.1c-d). On the contrary, the crenulated to wavy pattern in these laminations may be linked to 
differential compaction of finely accumulated carbonaceous material and microcrystalline 
quartz, volcanic detritus and / or silicified granular CM (Figure 8.1a-b).  
Such crinkly to crenulated laminations are characterized by detrital-grain trapping 
mechanisms (Figure 8.1c-d). Detrital grains are represented by silicified sand-sized 
carbonaceous mud (i.e., granular CM; Figure 8.1c-d) or silicified volcanic detritus with trace 
CM (Figure 8.1e). Often, crenulated carbonaceous laminations are found to branch upon 
loosely packed detrital carbonaceous grains or silicified volcanic detritus admixed with CM; 
the former is seen to drape these relief elements. In general, interlamination thickness is 
constant and separated by microcrystalline-quartz but they show a bifurcating nature when 
associated with outsized granular CM or silicified volcanic detritus with CM.  
Stacked or superimposed carbonaceous laminations are found as plastically deformed ripped-
up clasts, indicating their cohesive property at sediment-water interface. Furthermore, it 
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provides evidence for reworking or influence of wave-activity during deposition (cf. Tice, 2009; 
Figure 8.3a-f).  
 
Figure 8.3. a-e) Ripped up chunks of crinkly-layered mat-fragment with detrital carbonaceous 
accumulates. a) Microbial mat, reworked and transported. b) Coarse clast most likely representing 
reworked microbial mat clast entrained within medium to fine granular CM and microcrystalline quartz. 
Note: White arrows indicating crenulated CM within the ripped-up mat (shown by white stippled outline). 
Red arrows to the right of the photomicrograph indicate granular CM. c) Reworked carbonaceous mat 
fragment (white arrow) representing evenly layered, crinkly CM and white microcrystalline within a 
siliceous-carbonaceous matrix. d) Ripped-up contorted laminations (white arrows) within granular CM 
and siliceous matrix. e) Microbial mat fragment with granular CM clot (black arrow). f) Dense, 






As noted by Tice and Lowe (2004), common characteristics such as detrital grain trapping 
mechanisms, cohesive nature, and their predominantly dense carbonaceous composition 
could be attributed to their ‘microbial mat origin’. Large ripped-up chunks (Figure 8.3a-f) of 
folded over or broken clasts of microbial-mat fragments are observed particularly within the 
BBWC, and less from the LBC. Locally small rolled-up fragments are seen to form a flat base 
with crenulated top-surface of the ‘microbial-mat’ (Figure 8.4a-b), while sometimes they 
appear to form rolled-up lensoidal CM mostly made-up of diffuse CM embedded within fine 
grained carbonaceous-silica rich matrix (Figure 8.4c-d).  
 
Figure 8.4. a) Ripped-up chunk of microbial mat with a flat base and crinkly layered top surface. Note: 
White arrow indicating the crenulated top part of the mat fragment. b) Raman map of the microbial mat, 
where bright yellow fringes correspond to carbon and dark portions are represented by silica. c) Large 
microbial ripped-up clast within siliceous-carbonaceous matrix. d) Raman map of ripped-up microbial 




Another common feature observed within the BBWC facies of the DGB is the association of 
silicified carbonate rhombs (Figure 8.1e-f), which are mostly seen to overgrow carbonaceous 
laminations and in-turn host remnants of silicified carbonaceous mud or diffuse carbonaceous 
matter (Figure 8.5a-d). Finely crenulated layers are truncated against silicified rhombs but in 
some cases are found within the rhomb structure (Figure 8.5a). Such silicified rhombs are 
frequently linked to another neighboring rhomb with similar morphological characteristics that 
trapped previous CM within (Figure 8.5c, d). 
 
Figure 8.5. a) Silicified rhombs outgrowing CM rich lamination. Note the presence of randomly 
distributed fine sand size CM. b) Raman map of silicified rhomb and CM rich domain. Note: Yellow 
areas in the Raman map correspond to carbon and dark patches are representative of silica. c) Finely 
laminated CM. Note the trapped CM laminae and granular CM within silicified rhomb. d) Crinkly 




8.3.2. Granular carbonaceous matter and silica granules  
Granular CM constitutes a major fraction of CM reported from the various carbonaceous cherts 
of the DGB (Figure 8.6). Coarse fraction of sand-size granular CM is frequently associated 
with BBWC facies, while minor granular CM and silica granules are found within the LBC and 
MBC facies. Silica granules are found abundant within the LBC and MBC facies. Coarse 
granular CM within BBWC is usually associated with fine carbonaceous lamination as a 
primary-component of the non-isopachous laminae (see Figure 8.1d). Such CM laminae (i.e., 
as thick as 30 µm; Figure 8.6a) are separated by evenly laminated pure-microcrystalline quartz 
(e.g., ≥50 µm thick) along with abundant medium to coarse sand-sized CM. 
 
Figure 8.6. a) Granular CM (shown by white arrow) with rolled-up carbonaceous laminae. b) Granular 
CM with coarse-sand size detrital aggregates. Note: Arrows indicating detrital granular CM. c) Silica 
granule and granular CM admixed with volcaniclastic grain (shown in white arrow). d) Flattened granular 





Granular CM also consists of silica-cemented particles up to 1 mm in size that are generally  
flattened parallel to bedding either due to compaction or later deformation (Figure 8.6b). Often 
fine-grained CM form matrix or are randomly distributed with microcrystalline quartz, most 
likely representing reworked carbonaceous debris or hemipelagic organic detritus that settled 
through the water column. Granular CM that occurs as amalgamated carbonaceous grains 
ranging from <30 µm (i.e., tiny globular carbonaceous grains; Figure 8.6b) up to 0.5 cm (i.e., 
mega globular carbonaceous grains; Figure 8.6b) are frequently associated with the BBWC 
facies. Tiny carbonaceous grains are either preserved as solitary or clot like-aggregate, which 
are globular / ellipsoidal, biseriate to lenticular in shape; minor occurrence of coagulated clots 
interconnected by strands of carbonaceous matter are also present in the BBWC facies 
(Figure 8.6b).  
Granular CM within LBC and MBC facies is marked by loose- to densely-packed CM around 
the margin of individual grains, while the interior is largely made up of CM mixed with silica 
and / or silicified detrital volcaniclastic material (Figure 8.6c). Medium to coarse-grained, 
granular CM together with wispy CM lie sub-parallel to the bedding plane (Figure 8.6d). They 
are also preserved as diffused (e.g., CM admixed with silica; Figure 8.7a-c) or composite (i.e., 
mostly CM with subordinate silica; Figure 8.8a-d) grains. Another interesting type of granular 
CM is characterized by fluffy, slightly diffused CM with microcrystalline quartz and minor rutile 
(Figure 8.8a-d). Diffuse granular CM in this study is represented by carbonaceous grains that 
are internally composed of microcrystalline quartz with trace CM, which typically occurs along 





Figure 8.7. a-b) Photomicrograph of a silicified ash, with abundant carbonaceous matter. c) Volcanic 
ash with sub-rounded quartz, rutile, minor magnetite, and CM. d) Silicified coarse-ash with rutile and 
magnetite. e) Volcanic derived ash particle with rutile, Fe-oxide and minor CM  
 
The latter may provide evidence for post-diagenetic recrystallization behavior of silica. 
Likewise, composite granular CM is mostly made up of CM with a rim or coating of silica 
around ellipsoidal / lobate grain boundary (Figure 8.9e-g). 
Abundance of silicified volcanic debris indicate an early diagenetic replacement of these 
reworked debris together with carbonate (e.g., ankerite / siderite). Interestingly, silica granules 
are often reported here as sub-rounded to rounded, and largely devoid of CM. In general silica 
granules possibly represent volcanically derived particles that contain abundant inclusions 




A large proportion of granular CM also occurs as detrital carbonaceous material that are 
frequently seen to form dismembered CM, mostly linked to volcaniclastic grains such as lapilli  
 
 
Figure 8.8. a) Photomicrograph of a silicified coarse-ash grain admixed with carbonaceous matter, 
rutile (DM 77F). b-d) Raman maps of silica, CM and rutile. 
 
and ash material (Figure 8.10a-d), and wispy carbonaceous laminations that lie sub-parallel 
to bedding plane (Figure 8.10b). They are seen to coalesce with fine-sand size ash material 
or volcanic derived quartz (Figure 8.10c-d), owing to coagulation/gelification with minor 
microcrystalline chert and carbonaceous matter (Figure 8.10e). This is represented by silica 
granules with trace CM. Composite and diffused granular CM are closely related to volcanic 





Figure 8.9. a) Pure silica granule with granular CM. b-c) Granular CM and pure silica granule with 
pseudo honey-comb structure. Note: Diffused CM along periphery of the silica granule.  
d) Granular CM. e) Silica granule with CM distributed along the long-axis of the grain forming honey-





Figure 8.10. a) Silica granules and ash material admixed with CM and ripped-up crinkly laminae (shown 
in white arrow). b) Granular CM, volcanic material, coarse silica granule (shown in white stippled arrow) 
together with rolled-up carbonaceous fragment (shown in arrow). c-d) Silicified ash with quartz and 
abundant CM. e) Silica granules with trace CM and granular CM flattened. f) Very coarse-grained silica 





8.3.3. Carbonaceous wisps 
Discrete CM appear as flattened- to stacked lenticular-lensoidal wisps within the BBWC, LBC, 
and MBC facies. Carbonaceous wisps were first described by Walsh and Lowe (1999) and 
are defined by carbonaceous particles that are tightly packed with their long-axes aligned 
parallel to sub-parallel with the bedding plane (cf. Walsh and Lowe, 1999). I retain the 
definition of Walsh and Lowe (1999) in this study, but provide additional insights on the 
association of carbonaceous wisps, granular carbonaceous material, and carbonaceous 
laminations. First, small (<10 µm thick and 50 µm long) to large (> 50 µm thick and up to 500 
µm long) carbonaceous wisps occur abundantly within the LBC, BBWC, and MBC facies 
(Figure 8.11a-d). They are lobate to lensoidal carbonaceous grains admixed with minor micro-
crystalline quartz and are parallel to the bedding plane (Figure 8.11a). Small-sized 
carbonaceous wisps appear as solitary grains, whereas large carbonaceous wisps are found 
to form strands that layer parallel laminae due to compaction. 
 
Figure 8.11. a) Highly silicified, plastically deformed, rolled-up mat fragment entrained within siliceous 
and CM matrix. b) Silicified tabular grain (i.e., altered feldspar grain) with finely distributed CM and 
surrounded by granular CM. c) Ripped-up microbial mat enclosing tiny carbonaceous grains with silica. 
Note sand-size carbonaceous grains and carbonate distributed randomly. d) Post-depositionally 
compacted granular carbonaceous grains with high aspect ratios (cf. Tice and Lowe, 2006). 
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The dark carbonaceous rich domains comprise medium- to fine-grained fluffy carbonaceous 
particles that are often found to be compacted and lithified parallel to the bedding plane with 
minor zircon, Fe-Ti oxides, sericite, and fuchsite. Such variably compacted, equant-to-
elongate carbonaceous grains flattened parallel to bedding indicates compaction prior to 
silicification (Figure 8.11a, c). Wispy carbonaceous material (≤20 µm to ≥ 50 µm) and ≤200 
mm to ≥ 1 mm in length, often consists of lenticular CM, and are frequently aligned parallel 
with their long axes to the primary bedding plane (Figure 8.11a). They appear to form finely 
laminated, tightly packed CM-rich domains that are typically <20 µm thick, which otherwise 
form segregated flattened CM parallel to bedding. The presence of fine-grained quartz, minor 
rutile, and sericite indicates a predominant clastic source, while silicified carbonate rhombs 
(Figure 8.11b) have been argued to indicate synchronous silicification and carbonatization 
events that have been studied from the BGB (Hofmann et al., 2013a).  Locally sub-spherical 
silicified CM clusters surrounded by carbonaceous-siliceous matrix are observed, the former  
most likely represent reworked silicified mud fragment (Figure 8.11c). These detrital grains do 
not show a regular geometry and are often haphazardly structured, interspersed with 
microcrystalline quartz and poorly defined grain boundaries (Figure 8.11c).  
Wispy CM are commonly associated with granular CM, where smaller carbonaceous wisps 
appear to coalescence and form coarser granular CM (Figure 8.11d; cf. Lowe, 2013). In this 
case, however, the former is seen to be less compacted, which most likely indicates 
cementation and / or silicification prior to lithification; the exact reason for this is unknown. 
Major portions of large carbonaceous wisps are found to lie sub-parallel to the bedding plane 
with volcanically derived grains or randomly distributed silicified ash. The latter appears to be 
less compacted. The compaction of the carbonaceous wisps may suggest post-depositional 





8.3.4. Brief discussion on the origin of silica granules and granular CM  
Silica granules are widely reported from the Mendon Formation, BGB by Stefurak et al. (2014), 
who suggested that silica granules formed due to multi-stage aggregation of silica episodically 
resulting from processes that include: i) rapid polymerization under high salinity, and ii) granule 
formation favored over gelification. They supported a common origin for the mode of 
precipitation of silica granules, which apparently are abundant in a shallow-water environment 
but mostly preserved in deep-water settings. Furthermore, these compacted silica granules 
display monocrystalline textures that are derived from amorphous silica (Stefurak et al., 2014; 
Stefaruk et al., 2015a).  
Molekwa et al. (2017) studied granular chert from the Buck Reef Chert of the BGB. Detailed 
petrographic studies indicated the presence of immobile oxides such as TiO2 and Al2O3, which 
led these authors to propose a probable volcanic origin for these grains that were variably 
silicified. In this study, granular chert is found as stratiform and cross-cutting vein chert in the 
field. Their irregular geometry and detrital origin most likely indicate reworking of volcanic / 
volcaniclastic material. Should silica granules be considered pure chemical precipitate or 
volcanic material bearing immobile elements such as Ti, Al, and minor carbonaceous matter?  
To address this question, detailed petrographic analysis (e.g., scanning electron microscopy 
and electron probe micro-analyser) should be performed. Bedded and vein chert share 
remarkable similarities, whereby the latter is also seen to preserve host rock fragments (e.g., 
silicified volcanic rock, chert, etc.) with networks of vein-infilling. This is partly composed of 
unconsolidated overlying sediments and hydrothermally derived siliceous precipitate as 
pointed by Hofmann and Bolhar (2007). Therefore, based on these lines of evidence, the 
presence of granular material in both bedded and vein chert is indicative of a multi-fold origin 
for granules in cherts. Hence, an episodic event of high-alkaline conditions responsible for the 
origin of silica granules is highly debatable. Periodicity linked to silica polymerization that 
resembles modern day sinters alone cannot explain the origin of silica granules during the 
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Archaean. Association of rolled-up microbial mats, coarse-sand size granular CM with 
abundant TiO2 and randomly distributed CM with tiny crystallites of TiO2 within silica granules 
of the DGB are not in agreement with observations of Stefurak et al. (2014). Therefore, the 
origin of silica and CM granules in both stratiform or vein-filled chert from the Archaean record 
of the Singhbhum Craton require more detailed work. Nevertheless, the occurrence of granular 
chert in the Gorumahisani and Daitari belts suggests a diverse variety of 
volcanic/volcaniclastic derived origin of cherts along-with orthochemical units such as banded 
black- and white-chert, the former shows a high detrital influx from debris of volcanic origin. 
8.3.5. Interpretation  
‘Ripped-up crenulated laminations’ (Figure 8.3a-b) are compared to ‘reworked mat fragments’ 
as reminiscent organic debris of either photosynthetic or chemosynthetic in origin (Figure 8.3e-
f; cf. Walsh and Lowe, 1999; Tice and Lowe, 2006; Westall et al., 2006, 2015). As noted by 
Walsh and Lowe (1999), carbonaceous laminations likely represent ‘cyanobacterial mats’ but 
are relatively thin when compared to modern-day counterparts. This disparity could either 
result from compaction of organic material or may reflect the size of the constructing micro-
organisms (cf. Walsh and Lowe, 1999). Therefore, most crinkly layered-carbonaceous 
laminations observed in the BBWC facies of the DGB resemble ‘microbial mats’, which are 
defined here by surface-attached growth of microorganisms that secretes extracellular 
polymeric substances (EPS); the latter is sticky, and adhesive in nature (cf. Tice et al., 2009; 
Pereira et al., 2009; Homann et al., 2016). The cohesive characteristic of ‘microbial mats’ 
provides strength for growth of shallow-marine microorganisms (i.e., photosynthetic primary 
producers) by binding onto sediment grains (Tice et al., 2009). In addition to this, EPSs have 
been argued to aid or protect microorganisms from sterilizing conditions such as UV radiation, 
dehydration, phagocytosis, lysis from viruses; and assist in movement for gliding 
cyanobacteria etc. (Pereira et al., 2009).  
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Carbonate rhombs are seen to overgrow CM rich laminations, while crinkly layered CM 
laminae and wispy CM are often found to be trapped within these rhombs (Figure 8.5a-d). 
Carbonaceous matter represented by carbonaceous granules or fine laminations that are 
trapped within silicified rhombs are frequently regarded to be remnants of microbial origin, 
especially the crenulated laminations are considered to represent shallow-marine ‘microbial-
mats’ (Figure 8.5a-d; Philippot et al., 2009). In conclusion, these above-mentioned 
observations related to microbial activity with the BBWC facies of the DGB are only restricted 
to shallow-marine environments (cf. Tice and Lowe, 2006). However, deep-water detrital 
carbonaceous material is represented by granular CM in this study, and abundant in the LBC 
and MBC but less common within the BBWC facies (Figure 8.2a-f).  
Many authors have highlighted the significance of hydrothermally-derived carbonaceous 
material, which could be both biotic and/or abiotic in origin (Ueno et al., 2004; Hofmann and 
Bolhar, 2007; Westall et al., 2015). However, much of the CM is microbially derived from 
chemotrophic organisms such as hyperthermophiles (e.g., methanogenic microbes) residing 
as sub-surface biota (Ueno et al., 2004; Westall et al., 2015). Westall et al. (2015) argued for 
co-existence of a diverse microbial consortia during the Archaean with both phototrophic and 
chemotrophic organisms. These authors highlighted finely laminated domains to represent 
phototrophic microbial mats, whereas carbonaceous clots (e.g., Figure 8.3e) represent 
remains of chemoheterotrophic organisms such as sulfate-reducing bacteria; the latter is 
frequently close to hydrothermal vents (cf. Westall et al., 2005; Westall et al., 2015). Granular 
CM have been proposed by Walsh and Lowe (1999) to represent globular colonies of 
cyanobacteria as ‘algal lumps’, which are described as organic remains formed by gelatinous 
secretions of microorganisms. They suggested the possibility of flocculent material derived 
from microbial organisms near hydrothermal vents (cf. Juniper et al., 1995a, b). 
Related to this is a widely reported Archaean phenomenon of silicified intervals, commonly 
marked by bedded chert horizons (Hofmann and Harris, 2008). Low-temperature 
hydrothermal fluids are held responsible for the alteration and metasomatism of the volcano-
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sedimentary rocks (cf. Hofmann and Bolhar, 2007)., This is a well-established phenomenon 
reported here from the Daitari and Gorumahisani belts (Jodder et al., 2021). Similar lines of 
evidence are proposed for active hydrothermal processes from the different greenstone 
sequences of Pilbara Craton (van Kranendonk, 2006). Combined field, petrographic and 
geochemical observations from the Daitari and Gorumahisani belts show stark similarity with 
the aforementioned greenstone belts in terms of altered volcanic profile and bedded chert 
horizons. This further affirms evidence showing active Archaean hydrothermal processes and 
links to a chemoheterotrophic consortium, as reported above.  
More recent research from the hydrothermal vents of East Pacific Rise and Juan de Fuca 
Ridge has demonstrated the importance of submarine eruptions with fluids and gases such 
as CO2 and H2S that fuel chemolithoautotrophic communities (e.g., Meyer et al., 2013). These 
are represented by ‘snowblower vents’ marked by the presence of ‘white-flocs’ that are 
composed of filamentous mats and diffuse fluids, whereby methanogenesis and/or sulfur 
oxidation acted as source of chemical energy for microbial metabolism (Butterfield et al., 2004; 
Sousa and Martin, 2014). These ‘white flocs’ usually occur as single rods or clumps of cells. 
They occupy mesophilic niches below sea-floor and formed during episodic discharge of 
energy rich fluids with chemolithoautotrophic microbes in response to elevated levels of sulfide 
and iron (Meyer et al., 2013). 
On the other hand, the abundance of silicified rhombs within the carbonaceous cherts of the 
DGB can be compared with intriguing examples from modern-day silicified microbialites with 
carbonate rhombs found in the crater lake deposits of Alchichica (Kazmierczak et al., 2010). 
The presence of silicified rhombs has been attributed to fluctuation in groundwater levels 
during wet or dry periods in connection to increases and decreases of the Mg/Ca ratio resulting 
in formation of aragonite (Kazmierczak et al., 2010). The groundwater seepage was linked to 
porous tephra of volcanic edifices that resulted in high Mg due to weathering of Mg-rich 
volcanic rocks, while the Si sink was substantiated by silicification of the microbialites 
(Kazmierczak et al., 2010).  
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Although an important observation, drawing a comparison with the silicified rhombs of the 
DGB and those from modern-day crater lake deposits of Alchichica require further detailed 
work. One must consider the fact that the chemistry of Archaean ocean water is thought to be 
acidic as a result of high pCO2 (Kirssansen-Totton et al., 2018). Hitherto, the onset of alkaline 
lakes, which are only reported from Neoarchaean onwards (Stüeken et al., 2015). 
Nevertheless, the close association of carbonaceous matter with silicified rhombs indicates a 
crucial link between microbial activity and the silicification of carbonates. Furthermore, an 
alliance of silicified rhombs with abundant carbonaceous matter have been reported from the 
Archaean record of the Pilbara Craton by Philippot et al. (2009). These authors argued for 
crenulated-wavy carbonaceous laminations within silicified rhombs which represent fossilized 
‘microbial mats’. 
The association of volcanic-derived grains with granular CM and wispy carbonaceous matter 
further substantiate the case for a prominent derivation of clastic input sourced from volcanic 
ash material. Wispy CM appear to encircle numerous granular aggregates or detrital grains 
(Figure 8.11c), suggesting reworking phenomenon of microbial mat-like material during 
periods of wave activity. The former is made up of dense carbonaceous material while the 
interior is represented by diffuse carbonaceous material and silicified detrital grains. In 
addition, tiny carbonaceous grains and coarse granular CM are in immediate association to 
each other. The latter appears to be a product of gelatinous aggradation / accumulation 
resulting in growth of coarse-grained granular CM. This process is possibly facilitated by the 
presence of phyllosilicates, such as sericite or other clay minerals (e.g., Lowe and Walsh, 
1999).  
8.4. Morphology of carbonaceous microstructures  
Apart from ‘microbial mats’, bedded cherts of the DGB represent microfossil-like structures 
that are found in two different localities of the Tomka Formation within the BBWC and LBC 
facies. These microstructures are primarily made up of CM, spheroids/lenses, and thin 
corrugated carbonaceous biofilms. These carbonaceous microstructures are unrelated to 
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fractures in the chert and are syngenetic to the enclosing rock type as they sit in three-
dimension within a siliceous matrix. To confirm the biogenicity of these cellular 
microstructures, a list of proposed criteria as highlighted by Sugitani et al. (2010), such as 
geological context, size distribution and population with morphological variation followed by 
physical properties, were considered in this study but not elaborated for brevity. 
8.4.1. Cellular microstructures  
Controversial, yet detailed petrographic work by Awramik et al. (1983), Schopf and Packer 
(1987) provided evidence for filamentous microbes and putative cellular microstructures (e.g., 
prokaryotes) respectively from the ~3.5 Ga old Warrawoona Group, Australia. More recent 
discovery of cellular microstructures were reported by Sugitani et al. (2007) from low-grade 
greenstone volcano-sedimentary rocks of the Pilbara Craton. Cellular microstructures are 
mostly preserved as globular, spheroidal, and ‘lenticular-shaped’ features reported from the 
BBWC and LBC facies of the DGB (Figure 8.12a-c). They are often found as dense to diffuse 
CM associated with minor pure-microcrystalline quartz at the center (cf. Sugitani et al., 2010) 
when observed in different plane of focus (Figure 8.12b).  
In this study, I report cellular microstructures (i.e., spheroids) ranging in size from 5 µm to 60 
µm in diameter. Most common occurrence of these cellular microstructures are represented 
by lenticular microfossils that are ~ 10 µm in diameter. They are reported mostly from the 
BBWC and less from the LBC facies. Large solitary spheroids or lensoidal microfossils up to 
ca. 150 µm along their longest dimension are common within the BBWC (Figure 8.13a-d).  
Here, I report small cellular microstructures of the size range ~10 to 20 µm (Figure 8.12 a-c) 
that either occur as solitary or sister doublets and rarely as ‘colony like-clusters’ (Figure 8.12b-
d). Smaller spindle-shaped microfossils appear as solitary (Figure 8.12a) to aggregates of 
numerous spheroidal microstructures (Figure 8.12b-c) arranged together as single lensoidal 
microfossil with a discoidal flange. Spindle doublets are seen as fused or linked by chain-like 
morphology (Figure 8.12d). A ‘colony-like cluster’ of cellular microstructures here is 
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represented by individual small spheroid linked via chain or appendages with numerous 
smaller spheroids grouped together (Figure 8.12b). Locally they are seen to be connected by 
diffuse carbonaceous strands representing a 'colony-like assemblage’ (Figure 8.12c).  
 
Figure 8.12. a) Globular microfossil with outward radiating ornamentation. Filament like features 
indicated by black arrow. b) Small sized lensoidal microfossil linked through chain. Chained linkage is 
shown by a black arrow in the photomicrograph. c) Lensoidal doublets. 
 
Spinous-protrusions associated with spheroidal microstructures are uncommon, with only one 
rare example where a spheroid is seen to exhibit irregular lenticular growth of spinous 
protrusions outward from the central body (Figure 8.12a). 
On the other hand, large spheroids (>60 µm in diameter; Figure 8.13a-d) are found as lens-
shaped features. As described by Sugitani et al. (2010) they mostly occur as solitary 
microstructures with acute edges (Figure 8.13a), while colony-like clusters are also reported 
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from the Strelley Pool Formation (Sugitani et al., 2015a). They are characterized by a 
spheroidal central body with a sheet-like appendage / flange (Figure 8.13a). Large spheroids 
typically appear as solitary to sister doublet (Figure 8.14a-b). The outer cell wall of large 
spheroids is represented by a variegated-to-continuous dark rim of carbonaceous matter with 
flanged appendages (Figure 8.13a-c). Clearly identifiable walls that are represented as 
continuous hyaline walls (Figure 8.13a-b) are preserved in a solitary spheroidal 
microstructure.  
 
Figure 8.13. a) Large lensoidal microfossil. b) Raman map of lensoidal microfossil. Brighter areas within 
Raman maps reflect higher intensities of carbon spectra. c) Tiny spheroidal microfossils within large 
lensoidal microfossil. Note white arrows show small spheroids d) Large spheroid with uneven flanges 
at either ends.  
 
Rarely, solitary spheroidal microstructures preserve numerous observable smaller spheroidal 
microstructures (i.e., 10-20 µm in diameter; Figure 8.13c) within a large spheroid (> 60µm in 
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diameter). Otherwise, spindle-shape microstructures with large lensoidal microstructures are 
marked by an oval shaped body and granular-to-wavy wall (Figure 8.13a, d). Disrupted or 
broken cellular microstructures (Figure 8.14a) are found within the BBWC facies. In many 




Figure 8.14. a) Doublet lensoidal microfossils of non-uniform size but connected by flared appendage. 
Note disrupted large lenticular microfossil.  b) Lensoidal doublets. c) Dense to diffuse CM within 
lensoidal doublet. d) Spheroidal microfossils with ornamented periphery. Note: Ornamentation is noted 
as tubular projections made-up of diffuse CM. 
 
On average, lateral continuity of each spheroidal microstructure is marked by a discoidal fringe 
surrounding the main oval shaped body as coined by Sugitani et al. (2010). Extremity of an 
individual discoidal flange is connected to neighboring spheroids (Figure 8.14a). Spindles with 
a flange are composed of thin, flexible, film-like organic material, compatible with an origin as 
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a cell membrane (cf. Sugitani et al., 2009; Figure 8.13a-d). Generally, these flanges are 
corrugated, reticulated, or discontinuous and are rarely preserved as complete discoidal 
shape with flared-out flanged appendages (Figure 8.13c-d). They are associated with ripped-
up mat-like fragments and sometimes contain biofilm-like carbonaceous microstructures  
8.4.2. Carbonaceous biofilms 
Carbonaceous biofilms are rare and only observed within the BBWC facies. They are mostly 
preserved as sheet like-objects. Frequently they either appear as finely rumpled, uniseriate- 
(~1µm in diameter) to-multiseriate, or sinuous-to-curvilinear structure (Figure 8.15a-c) 
embedded within pure-microcrystalline quartz (Figure 8.15a). Additionally, ripped-up mat 
fragments and carbonaceous network are commonly observed (Figure 8.15a) Carbonaceous 
biofilms do not form any spatial relationship (e.g., conformable, or discordant) with bedding 
planes as such but appear as randomly oriented carbonaceous microstructures within a host 
microcrystalline matrix. Associated with a single strand of carbonaceous biofilm is a doublet 
spheroidal microstructure; the latter is marked by spinous protrusions (Figure 8.15b). 
Carbonaceous biofilms (Figure 8.15c) are found to be associated with solitary lensoidal 




Figure 8.15. a) Ripped up contorted lamination mostly made up of CM (shown by black arrow, towards 
the left and top right of the image). Note carbonaceous network shown in black arrow, ripped-up mat 
fragment in green and purple arrows. b) Rod-like tubular carbonaceous strand and lensoidal doublet 
with tiny outward radial projections (shown to the right of the image). c) Carbonaceous biofilms with 
sinusoidal, filament like structure (indicated by white arrow, extreme left of the image), tapered out 
carbonaceous biofilm with sinuous structure (bottom portion of the photomicrograph) and lensoidal 







Recognition of prokaryotes, prokaryote groups, and eukaryotes in the fossil record requires 
well-preserved morphological features that include wall-ultrastructure, wall surface 
ornamentation, and features such as spinous protrusions, etc. (cf. Javaux and Lepot, 2018). 
Consistent with this, few examples of cellular microstructures from the Daitari belt retain 
putative complex ornamentation such as reticulation (Figure 8.12a), striation, and regular 
wrinkling along flanges (Figure 8.15b). This rare occurrence of spheroidal microstructures with 
cell ornamentation like features may represent yet another case of a eukaryote-like 
microorganism (?) in the Archaean but should be evaluated carefully. Nevertheless, its 
carbonaceous composition and size is indeed intriguing for future research if found to occur 
frequently within the carbonaceous cherts of the DGB. However, a strong case can be made 
that the solitary and colony-like cluster microfossils reported here are of biogenic origin 
because they appear identical to lenticular-shaped spheroidal microstructures known from the 
Kaapvaal and Pilbara cratons, which are already accepted as biogenic. Collectively, these 
microfossils are composed of fluffy carbonaceous matter, or have a foam-like envelope with 
irregular wall boundaries, thus providing a characteristic biological signature (Walsh, 1992; 
Sugitani et al., 2009; Sugitani et al., 2010; Lepot et al., 2013; Sugitani et al., 2015a).  
Similar cellular microstructures studied from the Strelley Pool Formation, Australia have 
shown large size, acid-resistant wall textures and structures possibly controlled by 
cytoskeleton, as well as lenticular microstructures that are consistent with a eukaryotic affinity, 
yet questionable (Sugitani et al., 2015a, b). However, it is also plausible that they represent 
non-eukaryotic extinct taxa and their biological affinity and metabolisms are poorly understood 
(cf. Sugitani, 2019). As reviewed by Sugitani (2019), cellular microfossils have been reported 
hitherto from greenstone sequences ranging from ca. 3.5 to 3.0 Ga of South Africa and 
Australia. Sugitani (2019) further presented diverse environmental contexts for these cellular 
microbial biotas.  
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Chained morphology in lenticular microstructure is observed in one example, which may 
suggest cluster-forming pattern (Figure 8.12b). Another case of smaller lenticular microfossil 
of the DGB is found to form a colonial-cluster forming assemblage that appears as numerous 
smaller spheroidal aggregates arranged to make-up a large spherical aggregate forming 
colony-like assemblage (Figure 8.13c). Rare occurrence of doublet lenticular microstructures 
(Figure 8.14b-c) within the banded black-and white-chert facies needs to be evaluated 
carefully in-order to understand any reproduction related process as noted by Sugitani (2019). 
Sugitani (2019) in his study, correlated smaller spheroids with colony-forming spheroidal 
cyanobacteria but large spheroids were compared to sulfur bacteria, which contain multiple 
cells, chains of cells, and tight clusters of cells. Examples of cell growth has been discussed 
by Sugitani et al. (2015a), where these authors studied different stages of binary fission within 
lens-shaped microfossils that represent vegetative cells, although these authors considered a 
plausible multiple fission life cycle. 
 Another aspect is to conduct a careful study in the variation observed between small and 
large sized lenticular microstructures. Previous studies of similar lenticular microstructures 
from South Africa and Australia have demonstrated for their robust cell wall, shape, and 
widespread occurrence to represent autotrophic microbes capable of surviving the sterile early 
Earth conditions (cf. Oehler et al., 2017). Although such detailed taxonomic variation was 
difficult to undertake here due to the scarcity of well-preserved morphologies.  
Finally, the presence of sinuous rod-shaped filamentous biofilms that are as long as ≥100 µm 
and carbonaceous in composition with built-up near ripped-up mat like laminations, also 
support a biogenic origin. Kiyokawa et al. (2006a) reported similar filamentous bacterial 
assemblages from the 3.2 Ga cherts of the Dixon Island Formation, Australia, where they 





8.5. Stable Isotope study 
8.5.1. Carbon isotope analysis  
8.5.1.1. Brief introduction 
Carbon is an abundant component in Archaean cherts. Initial work by Schidlowski (1979) and 
Hayes (1983) on δ13C isotopic composition of Archaean carbonaceous matter preserved within 
the ancient sedimentary rocks provided the first indirect evidence of microbial life. Highly 13C-
depleted carbonaceous filamentous microstructures from the ca. 3.5 Ga North Pole chert-
barite unit (Pilbara Craton) were proposed to be derived from biological fixation via the Calvin 
cycle or the reductive acetyl-CoA pathway (Ueno et al., 2006). Seafloor and sub-seafloor 
hydrothermal environments are thought to be suitable habitats for early microbes when 
compared to their modern-day equivalents that host chemosynthetic primary producers (Ueno 
et al., 2006). Tice and Lowe (2006) reported bulk δ13C isotopic composition from the ca. 3.4 
Ga carbonaceous cherts of the Buck Reef Chert, BGB, ranging between –30‰ and –35‰ that 
are consistent with carbon fixation through Calvin cycle by autotrophic microorganisms. These 
authors discussed the various microbial fixation pathways used by microorganisms from 
mostly shallow-water environment of the Buck Reef Chert. Likewise, carbonaceous cherts of 
the Fig Tree Group are argued to represent fine-grained silicified sediments that share 
isotopically depleted δ13C values close to the overlying greywackes (Hofmann, 2005).  
Previous studies of Archaean sedimentary rocks of the BGB and east Pilbara Craton have 
shown that metasomatic alteration such as devolatilization or diffusional effects may lead to 
enriched 13C concentration in residual carbon ranging from >–3‰ to ~–5‰ (Ueno et al., 2004; 
van Zuilen et al., 2007; Ueno et al., 2007). Schidlowski et al. (1979) concluded that an offset 
in isotope values recorded in carbonates and organic material is a product of prograde 
metamorphism. Ueno et al. (2004) conducted detailed evaluation on carbonaceous cherts of 
the east Pilbara terrain and confirmed that the well-known ‘Rayleigh distillation process’, which 
may lead to ‘kinetic isotopic effect’, affected pristine carbon isotopic composition by a 
fractionation factor of 0.9985 (cf. Ueno et al., 2004). Tice and Lowe (2006) also proposed that 
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the ‘kinetic isotope effect’ may have led to a preferential loss of 12C associated with slow burial 
and diagenesis. Likewise, investigation of chondritic organic matter ‘Abee’ have theoretically 
demonstrated that with step-wise heating at 500°C and 900°C, Rayleigh fractionation process 
may induce a shift in carbon isotopic composition ranging from ~–5‰ and ~–3‰ respectively 
(Remusat et al., 2012). Van Zuilen et al. (2007) considered an average of ~–3‰ to be added 
to observed δ13Corg values from low-grade sedimentary rocks (320 ± 30°C) of the BGB, in 
order to balance the shift noted in the primary 13C of CM. These authors attributed diagenesis 
and prograde metamorphism as causing such changes in the residual 13C composition. 
Furthermore, Ueno et al. (2007) noted a difference of ~–5‰ shift in carbon isotopic 
composition from the greenschist facies rocks (350°C) of the Pilbara Craton. Therefore, a 
careful evaluation of 13C signatures preserved within carbonaceous sedimentary record is 
warranted. 
8.5.1.2. This study 
Total organic carbon (TOC) and carbon isotope composition (δ13Corg) of the carbonaceous 
cherts of Kalisagar Formation range between 0.152 to 1.122 wt.% and –12.6 to –29.3 ‰ 
respectively (Table 8.1 and refer Appendix A5, Table 1 for further information). Shales of the 
Sindurimundi Formation show TOC range from 0.02 to 3.75 wt.% and δ13Corg between –13.38 
to –27.75 ‰. Two Sindurimundi chert samples (i.e., DM 71B, DM 98) yielded TOC of 0.354 
and 0.149 wt.% and δ13Corg values of –19.4 ‰ and –16.32 ‰ respectively. TOC values for 
carbonaceous cherts of the Tomka and Talangi formations are mainly between 0.033 to 0.23 
wt.%. δ13Corg values of the Tomka Formation ranges from c. –17 to –33.7 ‰. This indicates 
that carbonaceous cherts of the Tomka Formation are marked by relatively depleted δ13Corg 
values with lower TOC content when compared to older cherts of the Kalisagar, Talpada and 
Sindurimundi formation. Contrary to this observation, shales of the Sindurimundi Formation 
preserve high TOC content than carbonaceous sedimentary rocks analyzed from Kalisagar, 
Tomka and Talangi formations combined. The primary δ13Corg composition is considered to be 




Table 8.1. Selected δ13Corg, TOC, and δ18O values for carbonaceous cherts of the DGB 
 
Sample Height Formation Rock-type δ13C (‰ vs 
VPDB) 
TOC (wt.%) δ18O (‰ vs 
SMOW) 
DM 46B 1250 m Kalisagar Laminated black chert –12.6 ‰ 0.27 13.22 ‰ 
DM 77D 1500 m Kalisagar Black chert –28.8 ‰ 0.358  
DM 59 1360 m Kalisagar Massive black chert –29.3 ‰ 0.152  
DM 75A 2600 m Kalisagar Black chert –15.9 ‰ 0.8  
DM 75D 2615 m Kalisagar Black chert –20‰ 0.43 15.22 ‰ 
DM 73A 2630 m Kalisagar Black chert –17.8 ‰ 0.67 
 
DM 42 A 2855 m Kalisagar Black chert –19.4‰ 0.835 
 
DM 24C 2870 m Kalisagar Black chert –23.4 ‰ 1.122 
 
DM 84D 2875 m Kalisagar Silicified shale –19.6 ‰ 0.86 
 
DM 71 A 4600 m Sindurimundi Shale –23.9 ‰ 1.09 
 
DM 71 B 4610 m Sindurimundi Chert –19.4 ‰ 0.354  
DM 71C 4620 m Sindurimundi Chert –16.2 ‰ 0.115  
DM 71D 4630 m Sindurimundi Greywacke –21.69 ‰ 0.519  
DM 93 4850 m Sindurimundi Greywacke –21.42 ‰ 0.05  
DM 94 5000 m Sindurimundi Shale –24.56 ‰ 2.8  
DM 95 5020 m Sindurimundi Shale –27.75 ‰ 3.75  
DM 99 5100 m Sindurimundi Shale –18.82 ‰ 0.0271  
DM 98 4700 m Sindurimundi Black chert –16.32 ‰ 0.149  
DM 9 4900 m Sindurimundi Greywacke –20 ‰ 0.145  
DM 10 4950 m Sindurimundi Shale –15.97 ‰ 0.11  
DM 2 4955 m Sindurimundi Shale –18.58 ‰ 1.07  
DM 2/A 4965 m Sindurimundi Shale –21.26 ‰ 0.032  
DM 91 5200 m Sindurimundi Shale –21.57 ‰ 0.228  
DM 15 5400 m Tomka Black chert –30‰ 0.17 15.5 ‰ 
DM 16B 5700 m Tomka Black chert –33.7 ‰ 0.21 9.3 ‰ 
DM 103 5850 m Tomka Bedded granular chert –27 ‰ 0.11 
 
DM 104 5855 m Tomka Bedded granular chert –20.6 ‰ 0.15 11.1‰ 
DM 21 6200 m Tomka Black chert –25 ‰ 0.033 17 ‰ 
DM 38 6500 m Talangi Black chert –17 ‰ 0.23 13.45 ‰ 
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DGB (Figure 8.16), whereby isotopically heavier δ13Corg values are marked by samples close 
to granitoid or dyke intrusion towards north of the belt, such as sample DM 46B (–12.6‰). 
Most importantly, the organic matter inventory as recorded from the sedimentary rocks of the 
Sinduriumundi and Tomka Formations preserve isotopically lighter 13C values with elevated 
concentrations of TOC (Figure 8.16).  
 
 
Figure 8.16. δ13C (‰ vs VPDB), TOC (wt.%) and δ18O (‰ vs SMOW) plotted along stratigraphic column 
of DGB. Note: Shale samples are shown in dark grey and chert samples in blue. 
 
Therefore, it becomes imperative to consider the effect of metamorphic overprint on the carbon 
isotope composition of the studied samples here. As both Chlorite and Raman 
geothermometer temperature estimates of the DGB correspond closely to previously 
proposed metamorphic conditions in the DGB (see sub-section 8.6.3). I adopted the Rayleigh 
fractionation estimate model of Ueno et al. (2004) here. Hence, an average of ~–5‰ related 
to 13C values were treated as an approximation of tentative primary lighter carbon compounds. 
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As the highest obtained δ13Corg from a carbonaceous chert sample reached δ13Corg up to ca –
33.7‰, in this study for this sample, in accordance with Rayleigh fractionation estimate the 
initial 13C composition may have been close to ca. –39‰. Under these circumstances, the 
average composition of almost all studied samples should show a shift in their respective initial 
13C composition, thus leaving a unimodal distribution of δ13Corg values ranging from –39‰ to 
–20‰ (Figure 8.17a-b). This unimodal distribution is largely controlled by the shale samples 
and represented here by a gaussian distribution with a mean of ~–21‰, variance (31.26) and 
standard deviation of 5.59. Isotopically lighter chert samples as noted from their depleted 
values δ13Corg are relatively skewed towards the left of this binary plot, and does not fit well 
within the gaussian distribution as seen in the shales (Figure 8.17b). Otherwise, these 13C 
estimates support primary producers such as cyanobacteria that may have favoured a ‘Calvin 
cycle’ metabolic pathway, especially for δ13Corg values around –20‰. On the other hand, 
isotopically lighter δ13Corg values of –39‰ correspond well with a ‘reductive acetyl-CoA’ 
pathway and are consistent with autotrophic producers such as methanogens (i.e., anaerobic 
microbial organisms).  
 
 
Figure 8.17. a) Correlation between TOC (wt.%) and δ13C (‰ vs VPDB). Shales on average show 
higher TOC contents while cherts overall preserve highly depleted δ13C values. They relate positively 
for most shales but do not show a large variation in cherts. b) Histogram showing δ13C values of shales 




8.5.2. Oxygen isotope  
8.5.2.1. Brief introduction  
Archaean cherts are highly siliceous rocks (SiO2 commonly >95 wt.%) that frequently contain 
clastic-tuffaceous material of ultramafic to felsic composition, later replaced by microquartz 
(Hofmann and Bolhar, 2007; Hofmann and Harris, 2008). The oxygen isotope composition of 
cherts from the Phanerozoic rock record show significantly higher δ18O values >15-35 ‰ 
(Knauth and Lowe, 2003; Knauth, 2005) compared to the Archaean. Whereas the δ18O 
composition of Archaean cherts are relatively low with the highest value of ca. 23 ‰. Several 
authors have suggested concepts such as decreasing seawater temperatures (Knauth and 
Lowe, 2003, 1978; Knauth, 2005; Kolodny and Epstein, 1976; Robert and Chaussidon, 2006), 
or increase in seawater oxygen isotope composition (Jaffrés et al., 2007; Kasting et al., 2006; 
Wallmann, 2001) and alteration through interaction with 16O-rich groundwater (Degens and 
Epstein, 1962) that determine oxygen isotopic composition of cherts. Others have addressed 
issues such as post-depositional alteration and variation in local sea surface temperatures of 
between 10 and 33°C or difference of temperatures during diagenesis (Kah, 2000, Jaffrés et 
al., 2007, Knauth, 2005; Kolodny and Epstein, 1976; Matheney and Knauth, 1993). It is 
important to note that primary cherts are formed from amorphous silica also known as opal 
precipitated from seawater or hydrothermally derived, and undergo diagenetic changes 
(Kastner et al., 1977; Knauth, 1994). A two-step diagenetic change takes place following 
lithification, whereby opal-A is transformed to quartz via an intermediary state of opal-CT that 
is in response to alteration in Si-O bonds due to dissolution-reprecipitation reactions (Kastner 
et al., 1977; Williams et al., 1985).  
Temperature is the primary driving force behind diagenetic polymorph transformation of silica 
(Ernst and Calvert, 1969; Kano and Taguchi, 1982), whereby slow phase transformation takes 
place under lower temperatures such as shallow burial depth and vice versa (Hesse and 
Schacht, 2011; Riech and von Rad, 1979). Conversely, temperatures of silica phase record a 
slightly decreased δ18O ratios of chert apart from seawater composition e.g., δ18O-values of 
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quartz are lower by about 1-2‰ compared to coexisting opal-CT (Mizutani, 1977; Pisciotto, 
1981). Additionally, host-rock properties such as detrital mineral content, presence or absence 
of organic matter and carbonates, surface area of silica, salt concentration, and pore water 
pH along with pressure are determining factors to be considered during the formation of chert.  
Tatzel (2016) suggested that δ18O of cherts depict their ambient temperatures experienced 
during diagenesis, and this signature is preserved despite subsequent burial to prehnite-
pumpellyite-facies conditions. This study indicates that decreasing temperatures and reduced 
rates of quartz formation due to decline in geothermal gradients from the cooling of the Earth’s 
crust is likely responsible for the secular shift observed in the chert oxygen isotope record. 
8.5.2.2. This study 
In this study, oxygen isotope analysis was conducted to understand whether O-isotope 
composition is influenced by alteration processes such as silicification / carbonatization and / 
or affected by later regional metamorphism. Detritus-free cherts, i.e., cherts with negligible 
clastic input, were chosen for δ18O analysis. The results from those cherts of the DGB range 
from 9.37 to 17.02, with an average of 13.75, where higher δ18O values are reported from the 
southern portion of the greenstone sequence (refer Table 8.1). δ18O when plotted against 
δ13Corg does not show any significant correlation (Figure 8.18a). Likewise, δ18O vs TOC (wt.%) 
do not show a discernable trend. (Figure 8.18b)  
 
Figure 8.18. a) δ18O (‰ vs SMOW) and δ13C (‰ vs VPDB) of carbonaceous cherts. b) δ18O (‰ vs 





A binary plot of Al2O3 vs δ18O of cherts do not show a definite trend, except for a clutter of 18O 
signatures with low Al2O3 wt.% concentration (Figure 8.19a, refer Appendix A5, Table 2 for 
information on 18O isotopes). The above-mentioned 18O composition corresponds to a lower 
limit of δ18O values from the Phanerozoic rock record. On the other hand, they compare well 
within reported δ18O values from bedded and vein cherts of the BGB, although some BGB 
cherts show a slightly higher range up to 21‰ (Knauth and Lowe, 1978, 2003; Marin-
Carbonne et al., 2011; Hofmann and Harris, 2008 and references therein).  
Most cherts studied from the DGB range between the δ18O values reported from the 
Theespruit Formation and much younger Onverwacht Group cherts (e.g., Hoogenoeg and 
Kromberg Formations; Figure 8.19b).  
 
Figure 8.19. a) Plot of Al2O3 (wt. %) and δ18O (‰ vs SMOW). b) Correlation between SiO2 (wt. %) and 
δ18O (‰ vs SMOW), data added from the Barberton Greenstone Belt. 
 
8.5.3. Interpretation 
On average, high TOC and δ13Corg values of the Sindurimundi shales suggests slightly 
metamorphosed sediments with negligible alteration resulting from metamorphic / 
metasomatizing fluids in the area. However, Sindurimundi shales exposed west of Talpada 
are represented by slightly low TOC and δ13Corg values when compared to those from the 
central portion of the DGB (Figure 8.20). This possibly indicates a local metamorphic imprint 
that are recorded local gabbroic to pyroxenite intrusions and deformation that affected carbon 
isotopic signature in these rocks (Figure 8.16). Similarly, cherts of the Tomka Formation 
compare well with clastic sedimentary rocks of the Sindurimundi Formation in terms of high 
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TOC and isotopically lighter δ13Corg values. More importantly, isotopically lighter 13C signatures 
preserved within organic matter of the Kalisagar Formation is regarded to retain well-
preserved pockets of sedimentary units (ca. >3.51 Ga) from the lowermost stratigraphic unit 
of the DGB (Figure 8.16). These isotopically lighter 13C values documented from the 
carbonaceous sedimentary rocks of the DGB (see Figure 8.16 and Figure 8.20) are consistent 
with biological fractionation processes. 
 




Carbon isotopic composition revealed from the carbonaceous sediments in this study 
suggests organic matter was largely derived from diverse microbial consortia residing in a 
shallow water environment to low-temperature hydrothermal vents. In this study, we have 
examined hints of 13C signals from greenschist grade carbonaceous cherts of the 3.51 Ga 
Daitari belt when compared to the 13C composition of carbonaceous cherts, BGB, South Africa 




Figure 8.21. Geological map of the Daitari Greenstone Belt with 18O distribution from various geologic 
formations. 
 
O-isotope concentration of Archaean cherts in this study is treated cautiously and any 
consideration related to primary Archaean seawater signature is discussed in the context of 
clastic input, diagenesis and/or metamorphism related processes. Relatively well-preserved 
18O signatures reported from the cherts of the Tomka Formation (Figure 8.21) are akin to those 
from the low-grade Onverwacht Group cherts of the BGB.  
Therefore, elevated 18O signatures preserved within the Tomka cherts at least provide insights 
related to metamorphism and ‘Rayleigh fractionation effect’ that potentially resulted in altered 
18O signals of the Archaean cherts. In considering these observations, I evaluated stratigraphic 
variation with respect to 18O composition from various lithological units of the DGB (Figure 
8.16). In doing so, the most striking phenomenon noted from the upper part of the volcano-
sedimentary sequence was a marked progressive increase in 18O values (Figure 8.16). 
However, these elevated 18O values were not considered as an indicator of primary seawater 
signal after reviewing the regional greenschist facies metamorphism and widespread 
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hydrothermal activity in the Daitari area. Farber et al. (2015) indicated that O-isotope 
composition of the BGB cherts preserve silicification signatures of the seafloor sediments due 
to low-temperature sea-floor hydrothermal activity and / or early diagenetic conditions.  
O-isotope composition in this study was intended to identify any potential differences recorded 
within the white and black chert bands separately (cf. Ledevin et al., 2019). However, both 
white and black chert band resemble closely to each other in terms 18O concentration with no 
significant differences captured, except for a negligible variation of ca. 1-2 ‰. O-isotope may 
not provide us with an excellent window into the pristine sea-water composition but may still 
be used as an indicator of regional metamorphic imprint from the Archaean rock record of 
DGB. Hence, low-grade, pure banded black-and-white chert and BIF’s should still be 
investigated, as they represent a potential candidate to examine the early oceanic composition 
when compared to silicified clastic sedimentary rocks such as laminated black chert, green 
chert, or even massive black vein chert. 
8.6. Temperature estimates- Chlorite and Raman thermometry  
8.6.1. Chlorite thermometry 
A total of 83 spots on 6 chlorite schist samples of the DGB, which were studied for chlorite 
composition in this study. Mostly, chlorite schists from the Kalisagar Formation, and their 
corresponding chlorite thermometry estimates are shown in a thermometry map (refer Figure 
8.22 in section 8.6.3). The chlorite groups studied from the DGB are composed of ripidolite 
and pycnochlorite and are found in almost all basaltic and dacitic rocks abundantly, which may 
reflect different tectono-thermal events in the belt. Similar to the study by Xie et al. (1997) on 
chlorites of the BGB, this study considered basalts and dacites; hence, all Fe was assumed 
to be Fe2+. Geothermometer methods of Cathelineau (1988) and Bourdelle et al. (2013b) were 
adapted for chlorite temperature calculations, which is well-calibrated for diagenetic and low 
temperature chlorites. Bourdelle et al. (2013b)’s method is independent on the oxidation state 
of Fe, with compositions of chlorite that are <3.0 Si atoms per formular unit (a.p.f.u) which 
indicate crystallization around ≥ 350ºC. This thermometer uses AlIV contents in chlorite and 
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silicon vacancy to estimate the temperature of formation (Cathelineau, 1988; Bourdelle et al., 
2013b). There is slight negative correlation with regards to Fe and Mg content. Most of the 
calculated temperatures fall within temperature range of 284-384ºC ± 30 ºC and an average 
estimate of 338 ± 30 ºC, the latter obtained using Bourdelle et al (2013b). Further details on 
the estimation of Bourdelle et al (2013b) model adopted in this study is presented in Appendix 
A5, Table 3a-f and Appendix A5, Figure1a-3b. Details related to EPMA methodology is 
provided in Chapter 3.  
8.6.2. Raman thermometry  
A total of 11 samples were analysed in this study for Raman thermometry study on CM. Of 
which, 10 are carbonaceous chert samples from different lithologic formations of the DGB and 
a shale sample of the Sindurimundi Formation. Degree of structural ordering of CM has been 
proposed in this study as an indicator of peak metamorphic conditions from the DGB. This is 
best explained by the irreversible nature of CM, which is attained during prograde 
metamorphism via several polymerisation stages when subjected to thermal degradation due 
to a progressive increase in temperature conditions (cf. Beyssac et al., 2002; Kouketsu et al., 
2008; Sforna et al., 2014). Refer Chapter 3 for detailed methodology and deconvolution of the 
Raman spectra and Chapter 5 for extensive discussion on salient features related to band 
assignments in applicability of Raman spectroscopy on CM of Palaeorchaean sedimentary 
rocks.  
On average, 11 samples studied here provided with tentative temperature estimate of nearly 
440 ± 50°C from the DGB. Overall, the adopted Raman geothermometry model (e.g., Beyssac 
et al., 2002) suggested low-grade to a maximum of medium-grade greenschist facies 
metamorphism (cf. Marhsall et al., Kouketsu et al., 2014; Bucher and Frey, 1994 and 
references therein). This is important to note considering an error of (± 50°C) in the 
thermometry model used in this study. Lowest temperature estimates of 378 ± 50°C is 
recorded from a spot analysis of sample DM 71C, while another spot analysis on CM yielded 
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a highest temperature of 482 ± 50°C from sample DM 47F. For brevity, this aspect will not be 
addressed in this thesis. Raman data of the studied samples are provided in Appendix A5, 
Table 4a-4k. 
8.6.3. Interpretation 
Thermal metamorphic history of any greenstone belt is the most significant parameter 
considered in-order to discuss the isotopic systematics such as 13C or 18O. In all likelihood, 
greenstone belts reported worldwide were subjected to processes such as metasomatism, 
devolatilization effect and thermal overprinting. Different phases of deformation are recorded 
from the DGB (Chapter 4) and therefore, leaving a residual thermal overprinting effect of upto 
medium-grade greenschist facies. This study for the first time from the Singhbum Craton has 
shown a combined tentative temperature thermometry approach. Such perspective does not 
only address temperature estimates of volcano-sedimentary rocks but also confirms their 
corresponding tentative thermometry estimates, as noted in this case from chlorite and Raman 
thermometry combined. Chlorite thermometry overall indicated low- to medium-grade 
greenschist metamorphic conditions, which is also in agreement with the Raman thermometry 
results presented here within their respective error limit. However, Raman thermometry on 
average have provided with slightly higher temperature range when compared to chlorite 
thermometry results. It is best explained by the inherent and irreversible nature of CM, which 
on metamorphism to any ordered form crystalline or aromatic carbon cannot retrogress to its 
primary precursor material that was supposedly poorly ordered in origin (cf. Beyssac et al., 
2002, 2004). The Raman thermometry data presented here is vital in understanding the 
heterogeneity of the tentative temperature estimates from the DGB. Likewise, it is crucial to 
consider that sample DM 71C is a silicified shale collected from the SSW part of the DGB 
(Figure 8.22). While sample DM 47 F (banded black-and white-chert) is reported from the 
northern part of the DGB, close to the E-W trending Rebana fault and near proximity to the 
intrusive granitoids further north of DGB (Figure 8.22). This variation in temperature estimate 
possibly indicates thermal overprinting of these respective sedimentary rocks in the area, 
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which can be one tenable explanation. Another possibility to explore yet remains potential 
contributions from diverse and heterogenous suites of CM, which may lead to such variation 
observed within the CM of the DGB (cf. Greco et al., 2018). 
In conclusion, chlorite and Raman thermometry have shown low- to medium-grade 
greenschist facies metamorphism in the DGB, which are consistent with previous study 
proposed by Prasada Rao et al. (1964) and Mukhophadhyay et al. (2008). Therefore, the 
volcano-sedimentary rocks of the DGB preserve a rare, yet well-preserved window into the 
Palaeoarchaean Earth with maximum metamorphism of only medium-grade greenschist 
facies that is recorded from both CM and chlorite. Considering the dearth of well-preserved, 
greenschist facies metamorphic rocks worldwide, the Palaeoarchaean rock record of the SC 
offer an archetypal volcano-sedimentary sequence to conduct stable isotope geochemistry 
and geobiological research of these ancient rocks.  
 





8.7. Discussion on evidence of early life 
Reconstruction of suitable biological paleoenvironments and the search for the most ancient 
relics of life on Earth are linked to ancient greenstone belts, where metamorphic conditions 
are well-within greenschist facies and are targets for investigation. Researchers seeking to 
understand the nature and association of CM in Archaean rocks have conventionally focused 
on low-grade supracrustal rocks. Cherts and silicified sedimentary rocks of the Daitari belt 
show similarities (e.g., field, petrographic, and geochemical features) with sedimentary rocks 
of the BGB. Carbonaceous cherts containing CM are represented here by banded black-and-
white chert, laminated black chert, massive black chert, and granular chert (this study; Tice 
and Lowe, 2006; Hofmann and Bolhar, 2007; Molekwa et al., 2016). Carbonaceous cherts of 
the DGB have experienced greenschist facies metamorphism only, which includes a pristine 
submarine volcano-sedimentary succession of mafic-ultramafic rocks and intercalated banded 
cherts and iron formations. Sedimentary chert horizons of the Daitari belt overlie sea-floor 
alteration zones.  
Detailed field, petrographic, and geochemical studies of chemical sedimentary rocks of the 
Tomka Formation, consisting of carbonaceous chert and BIF, reveal their strong similarity with 
the Buck Reef Chert, BGB, South Africa. Carbonaceous matter preserved in these cherts is 
preserved as (1) carbonaceous laminations, (2) carbonaceous wisps, (3) granular 
carbonaceous material, and (4) carbonaceous material trapped within silicified rhombs.  
Microbial mats preserved in the DGB share remarkable resemblance when compared to 
reported microbial mats from shallow water facies of the Buck Reef Chert (3.42 Ga), BGB. 
The latter have been elucidated as cohesive surface-attached communities of microorganisms 
(Tice and Lowe, 2004, 2006; Tice, 2009; Greco et al., unpublished data). Tice (2009) 
interpreted the Buck Reef Chert mats as the earliest photosynthetic microorganisms. On the 
other hand, the Buck Reef Chert organisms have been argued to have close affinity with 
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modern day bacteria such as Synechococcus-Choloflexus (Tice and Lowe, 2006), which 
lowered the silicification process during the period of mat growth.  
Results from previous works are consistent with the ca. 3.51 Ga microbial mats of the DGB 
representing the oldest candidate for photosynthetic microbial remains. Likewise, proposed 
seafloor and sub-seafloor hydrothermal environments of the DGB possibly fostered microbial 
life, possibly analogous to modern-day chemosynthetic primary producers found in sub-
seafloor hydrothermal vents (Ueno et al., 2001, 2006; Westall et al., 2015). Furthermore, 
following careful evaluation of isotopic data from the DGB with respect to thermal 
devolatilization effect; the 13C signatures noted in this study implies for the possible 
coexistence of reductive acetyl-CoA pathway and Calvin cycle in diverse autotrophs (Figure 
8.23). 
The diverse microbial communities (e.g., small, large spheroids, lenticular-shaped 
microfossils) reported in this study share stark similarity with those reported from the ca. 3.4 
Ga record of the Kromberg Formation, Kaapvaal Craton (Walsh, 1992; Oehler et al., 2017) 
and the Strelley Pool Formation, Pilbara Craton. Cellular microstructures reported from the 
Kromberg Formation, BGB (Walsh, 1992) are several tens of millions of years younger than 
those from the DGB. Additionally, cellular microfossils of the Kromberg Formation, South 




Figure 8.23. Geological time scale showing different metabolic pathways during the Archaean with 
diversification in microbial consortia. Distinctive fractionation pattern recorded from δ13Corg values 
provide potential evidence for Calvin cycle or the Wood-Ljungdahl pathway at c. 3.51 Ga (this study). 




Carbonaceous cherts from Daitari have yielded the oldest morphological evidence of microbial 
life with abundant carbon. Lens-shaped microfossils from the Strelley Pool Formation (SPF), 
Pilbara Craton are marked by chain type morphological features. These cellular 
microstructures were proposed to have formed by multiple fission process seen in bacteria 
such as Streptococcus (Sugitani et al., 2015a). Exact biological affinity for the Daitari 
microfossils are yet to be known. Previous study on lenticular microfossils of Western Australia 
by Sugitani et al. (2015a) noted the distinct large cell size, chains and flanged morphology of 
the lensoidal microfossils to be unique in contrast to any known large bacteria. 
 Rare preservation of chain-like morphology is noted from one carbonaceous chert sample 
and co-existence of smaller spheres (ca. 10 µm in diameter) with larger spheroids and spindle-
shaped microfossils (ca. 20-150 µm in diameter) raises important questions related to colonial 
behaviour seen in diverse microbial consortia during Archaean (cf. Sugitani et al., 2019). 
These and other materials suggest that a closer examination of the social aspects of fossilized 
microbes may shed new light on microbial cooperation, conflict, community ecology, and 
eukaryogenesis. In situ structural and functional geochemical mapping of SPF microfossils 
show a bimodal biomass distribution at several trophic levels (e.g., Lepot et al., 2013; House 
et al., 2013).  
Habitats of the lensoidal to lenticular-shaped microfossils are noted to be planktonic (House 
et al., 2013). Their planktonic lifestyle further suggests coming together or aggregations of 
cells as a response to stress or catastrophic events (cf. Pavlov et al., 2001, Shaw, 2014) during 
the Archaean that would be beneficial for survival-related strategies and wide dispersal 
(Oehler et al., 2017). These snapshots of unique early colonial strategies in microbes are 
documented from the Archaean rock record of South Africa, Australia, and India. Kozawa et 
al. (2018) argued for a photoautotrophic lifestyle for the spindle-shape microfossils. Moreover, 
in-situ carbon isotope study of spheroids and lenticular-shaped microfossils indicate metabolic 
pathways representative of methanotrophs or sulfate reducers (cf. Lepot et al., 2013), which 
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is to be studied from the Daitari microfossils. Sugitani et al. (2015a) discussed about the 
ambiguity of thebiological affinity for the unusually large lensoidal microfossils. Their robust 
size and chain-like morphology could not be directly linked to eukaryotes, as the latter 
appeared during the Proterozoic Eon (Porter, 2020). Further analysis of the group community-
type assemblages in spindle-shaped microfossils and investigation of their metabolic activities 
will provide insights with regards to the evolutionary relationships in such microbial consortia 
(Sugitani et al., 2015a, b). Bonafide microbial mats and cellular microfossil assemblages (i.e., 
organic-walled microfossils; this study, Tice and Lowe, 2004; Javaux et al., 2010; Sugitani et 
al., 2015a, b) documented from different Paleoarchaean volcano-sedimentary successions 
will further provide an exceptional window into the early Earth with valuable insights on the 
evolution of early life on Earth.  
Different lines of morphological evidence suggest that the earliest microbes favoured shallow-
to deep water (?), and platformal environments. Likewise, depleted δ13Corganic values from 
carbonaceous vein cherts suggest derivation of organic detritus from shallow- to deep-marine 
settings (Hickman-Lewis et al., 2018; Westall et al., 2015; Hofmann and Bolhar, 2007). 
Alternatively, the earliest microbes may have inhabited sub-surface hydrothermal vents and 
subsequent hydrothermal effusions led to deposition of carbonaceous matter on the seafloor 
(Ueno et al., 2004; Hofmann, 2011). 
Coccoid-shape cellular microfossils assemblages from the Kromberg Formation, BGB, and 
Tomka Formation, DGB provide us with the oldest traces of lenticular features. Solitary 
spindle-shaped cellular microstructures reported in this study may indicate a planktonic mode 
of life without CO2 limitations, as described for microbes of the Farrel Quartzite, western 
Australia (cf. Walsh, 1992; House et al., 2013). Microbial life during the Precambrian interacted 
at different trophic levels and Earth’s surface geochemistry played a significant role in 
controlling the available nutrients and metabolic pathways. Detailed investigations of secular 
changes in Earth’s surface geochemistry from the Archaean combined with fossil signatures 
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and inferred metabolic pathways are required to understand the sociality of early prokaryotes 
(Durand, 2020), and later the emergence of eukaryotes. Possible interactions and metabolic 
product exchange between these diverse microbial consortia (i.e., benthic and planktonic) 
may have triggered to cell-cooperation resulting in altruistic traits or selfish characteristics 
within an active paleo-ecosystem (Durand, 2020). 
Previous studies indicate that changes in the redox state of oceans during the Precambrian 
influenced the bioavailability of metals, which is known from metallome studies of prokaryotes 
(Zerkle et al., 2005). Methanogens may have occupied deep anoxic worlds such as alkaline 
hydrothermal vents (Russell and Hall, 2007). Similar hydrothermal vents (Kelley et al., 2001; 
2005) harbour a plethora of microbial life on modern Earth such as the Lost City Hydrothermal 
Vent or Juan De Fuca Ridge vent (Russell and Hall, 2007). Establishment of a genetic link 
between Earth’s surface geochemistry, prokaryote ecology, and eukaryogenesis through 
future study will broaden our views related to the evolution of eukaryotic cells during the 
Proterozoic. 
These diverse habitats (e.g., shallow-to deep-marine environments and hydrothermal vent 
settings) of early life from the DGB offer a unique opportunity to study the complex microbial 
consortia operating prior to ~3.5 Ga. The discovery of microfossils from the DGB, Singhbhum 
Craton provide with the oldest cellular microstructures and lenticular microfossils on Earth. 
Evidence of microbial mats and diverse cellular microstructures from the DGB cherts are 
highly indicative of an active biological niche (cf. Lane et al., 2010) in the Palaeoarchaean 




Figure 8.24. Early Earth conditions shown depicted by intense UV, meteorite fluxes, with abundant 
volcanic emissions, active hydrothermal processes on the paleo-seafloor and highly serpentinized 
oceanic crust. Hydrothermal vents and volcanic material ejected on the seafloor may have led to nutrient 





8.8. Biogenic vs abiogenic debate 
Carbonaceous matter is not only abundant in cherts of the Daitari and Gorumahisani belts, 
but they also form a major component of siliciclastic sediments such as shales. Organic rich 
shales and cherts studied here from the DGB have carbon isotopic compositions range from 
–21‰ to –34‰ VPDB and TOC ranging from 0.03-3.75 wt. %, the latter supports a substantial 
biological productivity during the Palaeoarchaean.,. Sedimentary cherts of the Daitari belt 
overlie seafloor alteration zones, the former preserve traces of the oldest early life in the form 
of well-retained carbonaceous matter. Almost all CM preserved in these sediments are not 
derived from any abiogenic process, such as the Fischer-Tropsch reaction during 
serpentinization (Brasier et al., 2002, 2005; McCollom and Seewald, 2006), which are 
supported by the following:  
1) Detailed field, petrographic, and geochemical evidence from the DGB preclude the 
involvement of any FT-synthesis related to derivation of organic carbon. This observation was 
supported by the absence carbonaceous feeder dykes in the area that are in direct contact 
with any ultramafic bodies. On the contrary, the carbonaceous cherts and shales occur as 
stratiform bedded lithological units that are indicative of their primary sedimentary origin. This 
is also evident from pristine sedimentary structures preserved in these rocks. Finally, the 
cherts and shales of the Tomka and Sindurimundi formations mostly overlie a thick pile of 
felsic volcaniclastic rocks, which further negates the possibility of hydrothermally altered 
ultramafic rocks that may act as potential source rock for the carbonaceous matter in the 
overlying shales and cherts. Additionally, in agreement with observations from this study, 
several authors of studies of the BGB have proposed that the occurrence of isotopically 
depleted δ13C values are consistent with bedded and vein cherts associated with felsic 
volcanic rocks. This excludes the source of abiogenically derived carbonaceous matter 
through hydrothermal exhalation during serpentinization (Hofmann and Bolhar, 2007; van 
Zuilen et al., 2007). 
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2) Abiotic processes may replicate morphology that have been argued to be biogenic in origin 
(Rouillard et al., 2018). However, the complex carbonaceous microstructures reported in this 
study such as spheroidal to lens-shaped microfossils, carbonaceous biofilms are closely 
associated to microbial mat fragments. In this case, the association of colonial organization of 
microstructures together with ripped-up mats within the banded black-and-white chert facies 
is considered as an indicator of their biogenic origin. Furthermore, diverse size and shape 
variation of these lenticular microfossils with chained-linkage cannot be mimicked by 
abiogenic structures. The latter is usually found to comprise of uniform size distribution. 
Therefore, the lenticular microstructures are treated as indigenous taphonomic signatures of 
cellular microbiota. Moreover, the microstructures studied here do not make-up any 
component preserved within cracks and share similar Raman spectroscopic signals when 
compared to primary carbonaceous laminations. Therefore, their syngeneic relationships have 
been supported by geological, sedimentological, geochemical, petrographical, Raman 
spectroscopic, and isotopic data respectively. 
3) Much of the syngenetic carbonaceous matter preserved in the cherts of the DGB are of 
biological origin. However, serpentization processes may have provided reduced chemical 
species and H2 for a chemosynthetic microbial community to flourish which was very similar 
to our modern day low-temperature hydrothermal systems (cf. van Zuilen et al., 2007).  
4) Furthermore, carbonaceous matter preserved in both bedded and vein cherts are shown to 
share similarity in terms of petrographical and geochemical signatures. The accumulation of 
carbonaceous matter has been sourced from either autotrophic or chemotrophic organisms 
(Tice and Lowe, 2006; Westall et al., 2015). The latter is supported by the presence of low-
temperature hydrothermal systems during the Archaean, which may have hosted ancient 
microbial life (cf. Hofmann, 2011). 
5) Redistribution of CM during diagenetic processes or by growth of silica spherulite in the 
surrounding sediments cannot solely explain the diverse morphologies reported in this study, 
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such as solitary to doublet spheroidal microstructures. This is even more true for the chain 
shape morphological assemblage of cellular microstructures. 
8.9. Conclusions 
i. Carbonaceous matter studied from the DGB share affinity with well-documented CM 
of the BGB in terms of their shape, assemblage, association with volcanic derived 
particles, silicification, and carbonaceous content.  
ii. The presence of cyanobacterial mats and small to large cellular microstructures within 
the carbonaceous cherts of the DGB offer crucial insights into the earliest metabolic 
pathways and sociality at different trophic levels. Chained to coiled morphology in 
globules and clusters of spheroidal microstructures (ca. 10 µm) indicate cellular 
assemblages and colonial relationships during the Archaean. The smaller spheroids 
and globules fall within the size range of prokaryotes. However, an exact biological 
affiliation for the large spindle-like microfossils is yet to be determined.  
iii. Are the co-existing populations of spheroidal microstructures cooperating by sharing 
metabolic products? Studies related to the metallome of the diverse Archaean 
microbial consortia (e.g., clusters of globules ca. 10 µm in diameter and unusually large 
spindle-shaped to lenticular microfossils ca. >60 µm in diameter) must be conducted 
to understand the association and hierarchy of bio-essential metals.  
iv. Carbon isotope data from cherts and shales indicates that most microorganisms during 
the Palaeoarchaean of Daitari utilized either Calvin cycle or reductive acetyl-CoA 
pathway for metabolism. Detailed study of trace metal concentration related to 
metabolic pathways are yet to be explored from the DGB. Nickel (Ni)-dependent 
metabolism was favored during the Archaean (Konhauser et al., 2015; Stüeken et al., 
2015). Likewise, other metals (Fe >> Zn > Mn >> Co, Cu, Mo >> Ni > W, V) were 
required by microorganisms (Zerkle et al., 2005). Exact relationships between 
geochemical cycling of metals via microbial loops is poorly studied from the Archaean 
rock record. Therefore, study of early colonial cellular microfossils will allow us to 
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examine the complexity of early life during the Archaean and emergence of eukaryotes 
later during the Proterozoic.  
v. Both chlorite and Raman thermometry indicate peak temperature estimates of nearly 
~380 ± 50°C for the volcano-sedimentary strata of the DGB. More importantly, Raman 
spectra and maps obtained on different CM have revealed a syngenetic composition 
for carbonaceous laminations, microbial mats, cellular microstructures (e.g., small to 
large spheroids, spindles, and biofilms) with surrounding CM matrix. This further 
affirms the case for their primary entombment or preservation of these cellular 
microstructures within microcrystalline quartz. 
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    Conclusion 
9.1. Introduction 
An updated study of the Palaeoarchaean volcano-sedimentary rocks such as those of the 
Daitari and Gorumahisani greenstone belts, Singhbhum Craton (SC), India is attempted here. 
Through this study, I have highlighted the potential to conduct elaborate research on the 
Palaeo-Mesoarchaean rock record of the SC. The Daitari and Gorumahisani greenstone belts 
provide us new insights into the early Earth processes.  It is shown that Palaeoarchaean 
supracrustal sequences of the SC host low-strain, greenschist facies rocks that provide 
important clues related to early Earth surface processes and habitats of early life. General 
conclusions that can be drawn from this study are listed below: 
1. Archetypal Palaeoarchaean greenstone volcano-sedimentary successions of the 
Singhbhum Craton (SC) are intruded by the Singhbhum Granitoid Complex (SGC), an 
assemblage of TTG and granite, the youngest suite of which is 3.1 Ga old (Hofmann et al., 
under review). Field observations suggest around 50-70% of the Kalisagar and Talangi 
formations comprise of pillow basalts respectively, and nearly 10% of the Sindurimundi 
Formation consists of massive to pillowed basalts in the Daitari belt. More detailed field study 
and mapping is required in the Gorumahisani area. However, in the study areas of 
Kundarkocha and Udal, GGB; pillowed basaltic rocks are found to be intercalated with 
carbonaceous chert units.  
2. Both DGB and GGB provide evidence for mostly sub-marine volcanism around  ca. ~3.5 
Ga. The Daitari belt host komatiites (i.e., >3.51 Ga) that predate the oldest reported komatiitic 
sequence from the BGB by several tens of millions of years. They share geochemical 




Thereafter, both DGB and GGB records widespread felsic magmatism during the 
Palaeoarchaean. Felsic volcanism dating back to 3.53-3.51 Ga of the Talpada Formation, 
DGB and co-eval felsic volcaniclastic rocks from the GGB are comparable to the Theespurit 
Formation, Barberton Greenstone Belt (c. 3.54 Ga) and Toggekry Formation, Nondweni 
Greenstone Belt (c. 3.53 Ga). They record an extensive phase of intermediate-felsic volcanism 
from all these above-mentioned greenstone successions. However, the South African 
counterparts, on an average have undergone amphibolite grade of metamorphism. Otherwise, 
relatively younger (i.e., c. 3.47 Ga), low-grade felsic volcanic rocks reported from the Duffer 
Formation, Australia have been studied as the oldest, well-preserved felsic volcanic rocks so 
far. Therefore, preserved Palaeoarchaean felsic volcanic rocks of the DGB and GGB provide 
a unique opportunity to study such ancient felsic magmatic events from SC and compare with 
the aforementioned examples. 
3. Study of the Badampahar Group of rocks from the DGB and GGB provide multiple lines of 
evidence for active hydrothermal processes during the Archaean. Contact between volcanic 
rock profiles and successively overlying sediments, are often intensely fractured and affected 
by massive black-vein chert in the DGB and GGB. Alteration and silicification processes of the 
DGB and GGB are presented in this study. Similar style of active sea-floor alteration linked to 
hydrothermal processes have been reported from well-documented greenstone belts of BGB 
and NGB, South Africa. These have indicated low-temperature hydrothermal fluids operating 
close to the seafloor-sediment interface (cf. Hofmann and Harris, 2008, Hofmann and Wilson, 
2007).   
4. Both DGB and GGB host classical Palaeoarchaean carbonaceous chert horizons. 
Interestingly, volcanic eruptions in the DGB and GGB were accompanied by periods of 
cessation that allowed deposition of green chert, banded black-and white-chert, and laminated 
black chert. So far, carbonaceous chert units have been widely investigated to understand 




2019; Tice and Lowe, 2006; Hofmann and Bolhar, 2007). Chert units of the Tomka Formation, 
DGB is comparable to the Buck Reef Chert, South Africa. However, the carbonaceous chert 
units of the DGB and GGB predate those from BGB, South Africa and Pilbara Craton by 
several tens of millions of years.  
5. Through this study, it is noted that shales of the Sindurimundi Formation have largely 
indicated a local source terrain and depositional setting which is primarily associated with 
deep-marine turbidites. Weathering indices in this study have been used conservatively due 
to extensive sea-floor alteration processes in the area. This study provides a rare catalogue 
into the Archaean record of well-preserved shales from South Africa, which have yielded 
information on source area, composition, alteration related processes such as K-
metasomatism, unroofing of basement rocks etc. (Hofmann, 2005; Drabon et al., 2019). 
Otherwise, the Sindurimundi shales are represented by high total organic content (TOC wt.%) 
and highly depleted δ13C values. For the first time, this study from the Palaeoarchaean record 
of the Singhbhum Craton have provided evidence for organic remains to be of possible 
microbial origin that settled through the water column. Likewise, comparative studies can be 
framed with the oldest, high-grade metapelites with 13C-depleted C, which are reported from 
the turbidites of the >3.7 Ga Isua supracrustal rocks (Rosing, 1999).  
5. The Daitari belt provides an excellent window into the Palaeoarchaean record to examine 
a diverse ecosystem. The evolution of different metabolic pathways is the obvious route by 
which cells coped with environmental pressures; however, the social lives of these early cells 
were just as important. Possible remnants of microbial mats and lensoidal microfossils from 
the DGB have shown that cooperation and sociality are a well-known mechanism for dealing 
with environmental stress, but how this played out in the earliest prokaryote groups is 
unknown. The earliest palaeontological evidence for microbial cooperation is identified here 
structurally and functionally. Cell proximity and population structures are maintained by cells 




also come together in aggregates. Functional dependencies are revealed by observing 
fossilized cellular chains, clusters, or spirals.  
6.  In recent times, early Earth research on the SC has largely improved our understanding on 
the Archaean Geology of the SC (Olierook et al., 2019; Chaudhuri, 2020; Ranjan et al., 2020; 
Hofmann et al., submitted and references therein). However, a detailed investigation of coeval 
greenstone successions from South Africa and Australia is lacking. The protracted geologic 
evolution of the Daitari and Gorumahisani belts will provide vital information on the different 
magmatic events in the SC and crustal growth processes during the Archaean Eon. Not only 
would this provide a foundation for future exploration of the best-preserved greenstone 
successions (e.g., South Africa and Australia) in terms of comparative early Earth processes 
but would yield significant information related to geobiological and astrobiological research. 
Of major interest should be comparisons and contrasts related to geological evolution and 
tectonic setting of different Palaeoarchaean greenstone successions namely Barberton, 
Daitari, Gorumahisani, Marble Bar and Panorama belts from South Africa, India and Australia 
respectively (Byerly et al., 2019; Hofmann et al., 2019, Van Kranendonk et al., 2019 and this 
study). 
9.2. Scope for future research  
Overall absence of a well-defined stratigraphic framework, radiometric ages, geochemical 
information hampered the initial phase of this project. Non-availability of geological maps and 
previous literature on these greenstone sequences of the SC were major setbacks of this 
project. However, through this study, I have prepared geological maps that are georeferenced 
using Q-GIS software. This will be made available with updated structural, geochronological, 
geochemical, isotopic, and geothermometry information. One drawback of a field-based study 
is to consider outcrop exposures in the Daitari and Gorumahisani belts, which in places are 
incomplete. Due to intense vegetation, crucial contact relationship of lava flows with 




relationship because of the abovementioned shortcomings. Only through diamond drilling one 
can obtain the continuous sections and relatively unaltered samples through these volcano-
sedimentary successions. Further in-depth mapping of the Tomka Formation remains crucial 
to delineate the contact relationship of the iron-formation and the bedded banded black-and-
white chert south of the DGB near Tomka. Altered volcanic profiles (i.e., silicified and/or 
carbonated zones) and marker horizons (e.g., chert units) could be one potential target of 
future mapping. Major contributions could be related to dating of the Tomka and the Talangi 
formations. Establishment of a comprehensive geological map of the Badampahar Group from 
the Daitari and Gorumahisani greenstone belts remains imperative. Further work such as 
precise U-Pb dating of potential felsic volcanic rocks and/or siliciclastic rocks from the southern 
part of the Gorumahisani belt will provide important information on the geochronological 
evolution of the GGB. Establishment of the granite-greenstone contact relationship from the 
GGB through field and geochronological study should be considered. State of the art tungsten 
isotope (ε182W) analysis should be conducted on the Daitari komatiites to consider W-isotope 
evolution and understand the early Archaean mantle conditions (cf. Willbold et al., 2015). 
Careful study of Sindurimundi Formation (this study) and Fig Tree Group (Hofmann, 2005; 
Drabon et al., 2019) clastic rocks will further enrich our understanding of tectonic processes 
during the Archaean. REE and Nd isotope systematics of the iron-formation of the DGB and 
GGB will unravel vital information on the Palaeoarchaean seawater. Furthermore, Si-O 
isotope analysis of bedded banded black-and white-chert and silicified intervals may reveal 
insights into processes related to silicification and chert formation during the Archaean (cf. 
Abraham et al., 2011). Finally, in-depth NanoSIMS, nano-Xanes, Focused Ion Beam (FIB) 
study needs to be conducted on the observed microbial mats, and lenticular microfossils of 
the DGB. This would provide one with additional insights related to metabolic pathways, 
colonial linkages (if any) and/or morphologically complementary microfossils from South Africa 
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Appendix A1. Table 1. Information on GPS localities, lithology and landmark areas of samples 
collected by A. Hofmann and J. Jodder for this study from the Daitari Greenstone Belt.  
Sample Number Latitude Longitude Location Reference point Rock Type 
DM-1 21.09398427 85.81170196 Daitari Mine near open pit BHJ 
DM-2 21.10059374 85.81541975 Daitari Mine road to pit Carb. shale; former 
carb. chert? 
DM-3 21.10945132 85.82415914 Daitari Mine opposite guest house Felsic schist with fsp 
phenocrysts and? 
porphyroblasts 
DM-4 21.10560587 85.82470564 Daitari Mine stream section S of guest house Sericite schist 
DM-5 21.10461177 85.82452694 Daitari Mine stream section S of guest house black chert 
DM-6 21.10461177 85.82452694 Daitari Mine stream section S of guest house Sericite schist 4 m 
below chert (sample 
5) 
DM-7 21.11073081 85.82453448 Daitari Mine stream section W of guest house Qtz-porphyry from 
felsic volcanic 
breccia 
DM-8 (A&B) 21.10795431 85.82405537 Daitari Mine stream section, at bridge S of guest house Banded black chert, 
samples A and B 
DM-9 21.10033968 85.82108114 Daitari Mine road to pit Black shale/chert 
DM-10 21.09968397 85.81996484 Daitari Mine road to pit Black shale/chert 
DM-11 21.10384173 85.82251947 Daitari Mine road to pit Green chert 
DM-12 21.10869418 85.8251591 Daitari Mine road to pit Felsic volcanic below 
the chert 
DM-13 (A&B) 21.11738814 85.84289881 Daitari Mine road to mine Banded chert above 
dolerite sill and 
below metabasalt; 
DM13A: laminated 
green chert; DM13B: 
banded black/ light 
green chert 
DM-14 21.11822189 85.84759218 Daitari Mine road to mine Black silicified shale 
DM-15 21.09494667 85.83341167 Daitari Mine ridge S of mine village Black and white chert 
DM-16A 21.084365 85.884135 Tomka W ridge S of main road Green chert 
DM-16B 21.084365 85.884135 Tomka W ridge S of main road Black and white chert 
DM-17 21.09457333 85.88451 Tomka W ridge S of main road Black and white chert 
and jaspilitic BIF 
DM-18 21.10644833 85.87215333 Daitari Mine road to mine Black chert 
DM-18/2 21.10644833 85.87215333 Daitari Mine road to mine Black chert 
DM-20 21.11833833 85.86987833 Daitari Mine small elephant track Quartz-sericite schist 
DM-21 21.08059167 85.91971167 Sekunda Road ridge N of road Black and white chert 
DM-22 grab samples stream 
 
Sekunda Road ridge N of road Jaspilitic BIF 
DM-23 21.08047333 85.92093333 Sekunda Road ridge N of road Carbonaceous slate 
DM-24A 21.12101833 85.85117667 Daitari Mine road to mine Altered ultramafic 
rock 
DM-24B 21.12101833 85.85117667 Daitari Mine road to mine Green chert 
DM-24C 21.12101833 85.85117667 Daitari Mine road to mine Black chert 
DM-25 21.11131833 85.82719667 Daitari Mine stream S of guest house Massive basalt 
DM-26 21.11147167 85.84544 Daitari Mine road to mine Massive basalt 
DM-27 21.12208833 85.85220333 Daitari Mine road to mine Massive komatiitic 
basalt 
DM-29 21.12070333 85.85701833 Daitari Mine road to mine Massive komatiitic 
basalt 
DM-30 21.11338667 85.86764833 Daitari Mine road to mine Altered ultramafic 
rock 
DM-31 21.13542333 85.81425167 Daitari Mine dam wall area Spinifex-textured 
komatiite 
DM-32 21.11910667 85.81811167 Daitari Mine stream section Pillow? basalt 
DM33 21.14073945 85.81819709 Daitari Mine downstream from reservoir Laminated black 
chert 
DM34 21.14159063 85.82204171 Daitari Mine downstream from reservoir Granite with 
tourmaline 




Sample Number Latitude Longitude Location Reference point Rock Type 
DM35 21.14200998 85.82245066 Daitari Mine downstream from reservoir, detailed study area Laminated green 
chert 
DM36 21.14346491 85.82344115 Daitari Mine downstream from reservoir Laminated black 
chert 
DM37 21.08818064 85.80554721 Daitari Mine south of Daitari ridge Black-and-white 
chert 
DM38 21.08606413 85.80631893 Daitari Mine south of Daitari ridge Massive black chert 
DM39 21.08357672 85.80720481 Daitari Mine south of Daitari ridge Dioritic rock 
DM40 21.14754153 85.83808064 Daitari Mine downstream from reservoir Talc-chlorite schist 
DM41A 21.15281509 85.83617158 Daitari Mine downstream from reservoir Amphibolite (mafic 
tuff?) 
DM41B 21.15281509 85.83617158 Daitari Mine downstream from reservoir Chert (silicified 
stromatolite?) 
DM42A 21.12551113 85.80782315 Daitari Mine west of reservoir Black chert 
DM42B 21.12551113 85.80782315 Daitari Mine west of reservoir Green chert 
DM43 
  
Daitari Mine stream NW of Daitari Mine Slate 
DM44A 21.15244419 85.75897048 Daitari Mine stream NW of Daitari Mine Slate 
DM44B 21.15244419 85.75897048 Daitari Mine stream NW of Daitari Mine Sandstone in slate 
DM44C 21.15244419 85.75897048 Daitari Mine stream NW of Daitari Mine Greywacke 
DM45A 21.12955883 85.82295357 Daitari Mine east of reservoir Slaty black chert 
DM45B 21.12955883 85.82295357 Daitari Mine east of reservoir Green chert 
DM46A 21.14200998 85.82245066 Daitari Mine downstream from reservoir, detailed study area Schist 
DM46B 21.14200998 85.82245066 Daitari Mine downstream from reservoir, detailed study area Laminated black 
chert 
DM46C 21.14200998 85.82245066 Daitari Mine downstream from reservoir, detailed study area Carbonate 
DM46D 21.14200998 85.82245066 Daitari Mine downstream from reservoir, detailed study area Schist 
DM46E 21.14200998 85.82245066 Daitari Mine downstream from reservoir, detailed study area Schist with carbonate 
lenses 
DM46F 21.14200998 85.82245066 Daitari Mine downstream from reservoir, detailed study area Carbonate 
DM46G 21.14200998 85.82245066 Daitari Mine downstream from reservoir, detailed study area Green chert 
DM46H 21.14200998 85.82245066 Daitari Mine downstream from reservoir, detailed study area Chert/carbonate 
DM46I 21.14200998 85.82245066 Daitari Mine downstream from reservoir, detailed study area Chert/carbonate 
DM46J 21.14200998 85.82245066 Daitari Mine downstream from reservoir, detailed study area Green chert 
DM46K 21.14200998 85.82245066 Daitari Mine downstream from reservoir, detailed study area Chert/carbonate 
DM46L 21.14200998 85.82245066 Daitari Mine downstream from reservoir, detailed study area White chert 
DM46M 21.14200998 85.82245066 Daitari Mine downstream from reservoir, detailed study area Black chert 
DM47A 21.14649363 85.82566269 Daitari Mine downstream from reservoir, waterfall Chlorite schist 
DM47B 21.14649363 85.82566269 Daitari Mine downstream from reservoir, waterfall Agglomerate 
DM47C 21.14649363 85.82566269 Daitari Mine downstream from reservoir, waterfall Schist 
DM47D 21.14649363 85.82566269 Daitari Mine downstream from reservoir, waterfall Black chert 
DM 47D/2 21.14649363 85.82566269 Daitari Mine downstream from reservoir, waterfall Black silicified 
sandstone 
DM 47D/3 21.14649363 85.82566269 Daitari Mine downstream from reservoir, waterfall Black silicified 
sandstone 
DM47E 21.14649363 85.82566269 Daitari Mine downstream from reservoir, waterfall Black chert vein 
DM47F 21.14649363 85.82566269 Daitari Mine downstream from reservoir, waterfall Laminated black 
chert 
DM47G 21.14649363 85.82566269 Daitari Mine downstream from reservoir, waterfall Mafic schist? 
DM47H 21.14649363 85.82566269 Daitari Mine downstream from reservoir, waterfall Black-and-white 
chert 
DM47I 21.14649363 85.82566269 Daitari Mine downstream from reservoir, waterfall Mafic schist? 
DM47J 21.14649363 85.82566269 Daitari Mine downstream from reservoir, waterfall Green-and-black 
chert 
DM47K 21.14649363 85.82566269 Daitari Mine downstream from reservoir, waterfall Grey translucent 
chert 
DM47L 21.14649363 85.82566269 Daitari Mine downstream from reservoir, waterfall BIF 
DM48 21.07694713 85.87367683 Daitari Mine ridge N of Sekunda Road Green grit 
DM49 21.06974146 85.81121329 Daitari Mine south of Daitari ridge Quartz-arenite 
DM-50 21.140875 85.82108333 Daitari Mine downstream from reservoir Schist 
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Sample Number Latitude Longitude Location Reference point Rock Type 
DM- 51 A 21.14386111 85.82505556 Daitari Mine downstream from reservoir Altered/Silicified 
Mafic 
Schist?porphyroblasts 
DM-51  B 21.14386111 85.82505556 Daitari Mine downstream from reservoir Overlying Bedded 
Chert 
DM-52 21.14277778 85.81644444 Daitari Mine 
 
Mafic dyke 
DM-53 (A&B) 21.14644444 85.81680556 Daitari Mine Leopard stream, S of Kalisagar Parbat DM53A Green chert, 
DM 53B Banded 
chert 
DM-54 (A&B) 21.14708333 85.816 Daitari Mine Leopard stream, S of Kalisagar Parbat DM 54A Black and 
white chert, DM54 B 
Laminated chert 
DM-55 A 21.15033333 85.81955 Daitari Mine Near to Kalisagar,West from waterfall locality BIF 
DM-55 B 21.15033333 85.81955 Daitari Mine Near to Kalisagar,West from waterfall locality Chert 
DM-56 21.14811111 85.81994444 Daitari Mine 
 
Chert 
DM-57 A 21.14602778 85.81666667 Daitari Mine Stream N of baghithali parbat Mafic tuff 
DM-57 B 21.14622222 85.81641667 Daitari Mine Stream N of baghithali parbat Chert 
DM-58 21.14244444 85.81669444 Daitari Mine Baghiathali parbat Vein chert 
DM-59 21.14205556 85.80736111 Daitari Mine Baghiathali parbat Massive Vein chert 
with sulfides 
DM-60 21.14255556 85.80677778 Daitari Mine Baghiathali parbat Black and white chert 
DM-61 (A&B) 21.13736111 85.78713889 Daitari Mine 
 
DM 61 A Black and 
white chert, DM 
61BMassive chert 
DM-62 21.12444444 85.79694444 Daitari Mine Nearby Rebana forest office Massive vein chert 
DM-63 21.14516667 85.79372222 Daitari Mine Towards Rebana Village, road section Chert 
DM-64 21.14263333 85.78978333 Daitari Mine Towards Rebana Village, Dholmundi parbat Sandstone 
DM-65 A 21.14333333 85.78944444 Daitari Mine Towards Rebana Village, Dholmundi parbat Silicified Felsic tuff 
DM-65 B 21.14333333 85.78944444 Daitari Mine Towards Rebana Village, Dholmundi parbat Massive vein chert 
DM-66 21.14333333 85.78833333 Daitari Mine Towards Rebana Village, Dholmundi parbat Sandstone 
DM 67 21.11891667 85.81044444 Daitari Mine Satarhating area Vein chert 
DM 68 21.09802778 85.82277778 Daitari Mine North of DM 15 hill, nearby 1st causeway Chert 
DM-69 21.10033333 85.82111111 Daitari Mine Road to Pit Shale 
DM-70 21.11483333 85.7925 Daitari Mine Talpada 1st stream section Felsic Tuff 
DM-71 A 21.11311111 85.79808333 Daitari Mine Talpada 1st stream section Shale 
DM-71B 21.11311111 85.79808333 Daitari Mine Talpada 1st stream section Chert 
DM-71C 21.11263889 85.79769444 Daitari Mine Talpada 1st stream section Black shale 
DM-71D 21.11263889 85.79769444 Daitari Mine Talpada 1st stream section Shale 
DM-71E 21.11088889 85.79861111 Daitari Mine Talpada 1st stream section Shale 
DM-72 21.12527778 85.80416667 Daitari Mine Nearby Rebana forest office river Laminated chert on 
top of mafic silicified 
rock 
DM-73 (A&B) 21.13 85.81472222 Daitari Mine Reservoir pump house DM 73A Laminated 
Chert, DM 73B 
Massive chert 
DM-74 21.13066667 85.82322222 Daitari Mine West of Baliparbat, river section Mafic tuff 
DM-75 (A&B) 21.12963333 85.82319444 Daitari Mine West of Baliparbat, river section DM 75A Laminated 
Chert 20m thick, 
overlain by green 
chert DM 75B 1m 
DM- 75 (C&D) 21.12922222 85.82316667 Daitari Mine West of Baliparbat, river section 50 m upstream, DM 
75 C green chert, 
overlain by DM 75D 
Laminated chert 
DM- 76 A 21.13069444 85.77094444 Daitari Mine West of Gumudusahi Chert 
DM -76 B 21.13052778 85.77144444 Daitari Mine West of Gumudusahi Chert 
DM-76 C 21.13 85.77211111 Daitari Mine West of Gumudusahi Chert 
DM -76 D 21.13022222 85.77227778 Daitari Mine West of Gumudusahi Chert 
DM- 76 E 21.13083333 85.7735 Daitari Mine West of Gumudusahi Chert 
DM - 76 F 21.13194444 85.77572222 Daitari Mine West of Gumudusahi Chert 
DM -77A 21.14331667 85.81081667 Daitari Mine Baghiathali parbat Vein chert 
DM - 77B 21.14296667 85.80823333 Daitari Mine Baghiathali parbat Felsic tuff 
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Sample Number Latitude Longitude Location Reference point Rock Type 
DM - 77C 21.1416 85.80186667 Daitari Mine Baghiathali parbat Green chert 
DM-77D 21.1387 85.79631667 Daitari Mine Baghiathali parbat Vein Chert 
DM-77E 21.1377 85.79693333 Daitari Mine Baghiathali parbat Vein Chert 
DM-77F 21.13765 85.79698333 Daitari Mine Baghiathali parbat Felsic tuff 
DM-78 21.14561111 85.82066667 Daitari Mine Baghiathali parbat Chert 
DM-79 21.14611111 85.82083333 Daitari Mine Near to Kalisagar,West from waterfall locality Mafic Schist 
DM-80A 21.14766667 85.81976667 Daitari Mine Near to Kalisagar,West from waterfall locality Shale 
DM-80B 21.14766667 85.81976667 Daitari Mine Near to Kalisagar,West from waterfall locality Vein chert 
DM-80C 21.15171667 85.81708333 Daitari Mine Near to Kalisagar,West from waterfall locality Chert 
DM-80 D& E 21.14923333 85.82148333 Daitari Mine Near to Kalisagar,West from waterfall locality Chert 
DM-80 F 21.14923333 85.82148333 Daitari Mine Near to Kalisagar,West from waterfall locality BIF 
DM- 81A 21.14328333 85.81816667 Daitari Mine N-wards from reservoir Chert with clasts 
DM- 81B 21.14328333 85.81816667 Daitari Mine N-wards from reservoir Laminated Chert 
DM- 81C 21.1444 85.82023333 Daitari Mine N-wards from reservoir Shale 
DM-81D 21.1444 85.82023333 Daitari Mine N-wards from reservoir Vein chert 
DM-81E 21.14523333 85.82023333 Daitari Mine N-wards from reservoir Chert 
DM-82 21.13816667 85.8197 Daitari Mine N-wards from reservoir Basalt 
DM- 83 21.12555 85.81776667 Daitari Mine Road to reservoir laminated Chert 
DM- 84 A 21.11848333 85.84621667 Daitari Mine road to mine Mafic tuff 
DM-84 B 21.11848333 85.84621667 Daitari Mine road to mine Chert 
DM-84C 21.11848333 85.84621667 Daitari Mine road to mine Chert 
DM-84D 21.11848333 85.84621667 Daitari Mine road to mine Shale 
DM-86 21.0947 85.83327 Daitari Mine nearby 1st causeway Mafic-intermediate 
lava 
DM-87 21.09202 85.81827 Daitari Mine South of Hill top Bw chert 
DM-88 21.09202 85.81827 Daitari Mine South of Hill top Silicified ash/chert 
DM-89 21.1211 85.88722 Daitari Mine Pancham River Granitoid gneiss 
DM-90 21.10045 85.79252 Daitari Mine Sindurimundi BIF 
DM-91 21.10512 85.78552 Daitari Mine East to Hot spring,Sindurimundi Shale 
DM-92 21.1073 85.7847 Daitari Mine East to Hot spring,Sindurimundi Greywacke 




Daitari Mine East to Hot spring,Sindurimundi Shale 
DM-95 
  
Daitari Mine East to Hot spring,Sindurimundi Shale 
DM-96 21.0912 85.84485 Daitari Mine South of Hill top Black laminated chert 
DM-97 A, B, C 21.14451 85.82529 Daitari Mine downstream from reservoir, waterfall Spinifex flow 
komatiites 
DM-98 21.1108 85.7828 Daitari Mine East to Hot spring,Sindurimundi Chert 
DM-99 
  
Daitari Mine HOT spring upstream Shale 
DM-100 
  
Daitari Mine HOT spring downstream BIF 
DM-101 A, B, C 21.0878 85.88 Tomka W ridge S of main road brecciated Chert 
DM-102 A, B, C 21.0876 85.8796 Tomka W ridge S of main road Event beds 
DM-103 21.0877 85.879 Tomka W ridge S of main road granular chert 
DM-104 21.0877 85.879 Tomka W ridge S of main road Botryoidal _granular 
chert 
DM-105 21.0877 85.879 Tomka W ridge S of main road Accretionary lapilli 





Appendix A2. Table 1. Sample locality of the studied samples from the Gorumahisani Greenstone Belt. 
Sample Latitude Longitude Rock type 
GUD 1D N 22º 33’ 11” E 86 º16’ 32” Black vein chert 
 
GUD 2B N 22º 32’ 53” E 86 º 16’ 31” Black vein chert (Granular) 
 
GUD-3 N 22º 32’ 43” E 86 º 16’ 31” Felsic volcaniclastic 
 
GUD-7C N 22º 27’ 11” E 86 º 14’ 19” Carbonaceous slaty chert 
 

































































Appendix 2. Table 4. Results of LA-MC-ICP-MS U-Pb analyses of felsic volcaniclastic sample GUD-3, Gorumahisani Greenstone Belt, India. Note: 
excessively discordant grains shown in grey background were not considered for U-Pb concordia plot. 
 









GUD-3 1ST ROW-2 238 127.3 66497 0.29758 0.00142 24.10228 0.49591 0.58743 0.01176 0.973 0.53803 0.09445 -17.24 3458 7 3273 20 2979 48 
GUD-31ST ROW-4 147 78.7 26444 0.30662 0.00152 30.03811 0.50288 0.71051 0.01136 0.955 0.54039 0.09083 -1.61 3504 8 3488 16 3460 43 
GUD-31ST ROW-5 256 134.8 29100 0.31154 0.00151 31.08512 0.57314 0.72367 0.01288 0.965 0.52939 0.09686 -0.69 3529 7 3522 18 3510 48 
GUD-31ST ROW-6 192 103.8 10086 0.3092 0.00163 33.03976 0.57965 0.77498 0.01297 0.954 0.54487 0.08936 6.81 3517 8 3582 17 3699 47 
GUD-31ST ROW-7 260 121.1 38217 0.31201 0.00177 31.52354 0.70843 0.73277 0.01593 0.968 0.46931 0.07664 0.47 3531 9 3536 22 3544 59 
GUD-31ST ROW-8 150 77.2 23732 0.30682 0.00163 30.35259 0.55748 0.71749 0.01262 0.957 0.51715 0.08631 -0.68 3505 8 3498 18 3487 47 
GUD-31ST ROW-9 163 53.5 10000 0.30744 0.00163 30.96807 0.57207 0.73056 0.01293 0.958 0.33108 0.06467 1.01 3508 8 3518 18 3535 48 
GUD-3 1ST ROW-10 325 94.9 40209 0.3111 0.0017 29.83251 0.50696 0.69549 0.01119 0.947 0.29392 0.04793 -4.48 3526 9 3481 17 3404 43 
GUD-3 2ND ROW-1 138 58.8 15963 0.30723 0.00169 29.79142 0.56316 0.70329 0.01272 0.957 0.42782 0.07787 -2.72 3507 8 3480 19 3433 48 
GUD-3 2ND ROW-2 165 63 21479 0.30828 0.00182 30.92705 0.64544 0.72759 0.01456 0.959 0.3849 0.06559 0.45 3512 9 3517 21 3524 54 
GUD-3 2ND ROW-3 221 90.6 40266 0.3116 0.00194 32.14183 0.71822 0.74813 0.01605 0.96 0.41186 0.07141 2.66 3529 9 3555 22 3601 59 
GUD-3 2ND ROW -5 175 72.4 50976 0.30761 0.00198 31.0382 0.73943 0.73181 0.01679 0.963 0.41682 0.0794 1.16 3509 10 3520 23 3540 62 
GUD-3 2ND ROW -4 175 72.4 50976 0.30761 0.00198 31.0382 0.73943 0.73181 0.01679 0.963 0.41682 0.0794 1.16 3509 10 3520 23 3540 62 
GUD-3 2ND ROW -5 REPEAT 156 62 20784 0.30852 0.002 30.38087 0.63528 0.71419 0.0142 0.951 0.39911 0.06734 -1.45 3514 10 3499 21 3474 53 
GUD-3 2ND ROW -6 233 113.5 21376 0.30719 0.00207 30.75551 0.6503 0.72614 0.01455 0.948 0.49117 0.08517 0.45 3507 10 3511 21 3519 54 
GUD-3 2ND ROW -7 255 142 34597 0.29786 0.00234 27.99393 0.72512 0.68164 0.01682 0.953 0.56212 0.09615 -4.02 3459 12 3419 25 3351 64 
GUD-3 2ND ROW -8 127 82.4 18555 0.30613 0.00224 31.87962 0.89152 0.75527 0.02039 0.965 0.65484 0.10597 4.69 3502 11 3547 28 3627 75 
GUD-3 3RD ROW-1 235 162.1 11331 0.3038 0.00205 27.11689 0.6962 0.64736 0.01604 0.965 0.69596 0.12913 -9.88 3490 10 3388 25 3218 63 
GUD-3 3RD ROW-2 186 80 25183 0.30904 0.0022 29.65674 0.64113 0.69599 0.01421 0.944 0.43375 0.0755 -4.05 3516 11 3476 21 3405 54 
GUD-3 3RD ROW-3 293 247.7 4969 0.30501 0.00239 27.41249 0.68471 0.65182 0.01546 0.95 0.85044 0.1761 -9.46 3496 11 3398 24 3235 60 
GUD-3 3RD ROW -3 CORE? 196 110.2 21232 0.30786 0.00231 29.0537 0.63105 0.68447 0.01395 0.938 0.56534 0.11702 -5.43 3510 11 3455 21 3361 53 
GUD-3 3RD ROW-6 392 406.8 1300 0.2413 0.00763 8.8136 0.34919 0.26491 0.00632 0.602 1.04418 0.18776 -57.59 3129 47 2319 36 1515 32 
GUD-3 3RD ROW-7 119 85.5 1961 0.30833 0.00097 30.64898 0.50823 0.72095 0.01174 0.982 0.72104 0.12416 -0.48 3513 5 3508 16 3500 44 
GUD-3 3RD ROW-8 195 115.3 29606 0.30807 0.0006 30.69179 0.47715 0.72256 0.01115 0.992 0.59692 0.0846 -0.21 3511 3 3509 15 3506 42 
GUD-3 3RD ROW-9 233 201 28596 0.30961 0.00063 30.54094 0.40471 0.71544 0.00937 0.988 0.86948 0.12519 -1.47 3519 3 3504 13 3479 35 
GUD-3 3RD ROW-10 285 115.6 42710 0.30843 0.00055 29.84476 0.53808 0.7018 0.01259 0.995 0.4078 0.05435 -3.14 3513 3 3482 18 3427 48 
GUD-3 4TH ROW-1 165 86.9 70725 0.29861 0.00123 31.33764 0.48853 0.76112 0.01144 0.965 0.53091 0.08524 7.02 3463 6 3530 15 3648 42 
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GUD-3 4TH ROW-3 201 119.9 25834 0.30722 0.00058 29.36191 0.35822 0.69317 0.00835 0.988 0.60066 0.0825 -4.12 3507 3 3466 12 3395 32 
GUD-3 4TH ROW-5 702 336.2 55 0.52984 0.02031 30.54367 1.8287 0.4181 0.01923 0.768 0.48226 0.07482 -56.29 4326 53 3504 59 2252 87 
GUD-3 4TH ROW-6 212 141.4 27372 0.29426 0.00053 26.11398 0.4544 0.64363 0.01114 0.995 0.67334 0.09517 -8.73 3440 3 3351 17 3203 44 
GUD-3 4TH ROW-9 134 54.4 56297 0.30583 0.00056 31.30576 0.65006 0.74241 0.01536 0.996 0.40947 0.0543 2.96 3500 3 3529 20 3579 57 
GUD-3 5TH ROW-1 264 162.8 47029 0.30633 0.0009 28.20105 0.33256 0.66768 0.00763 0.968 0.62129 0.10449 -7.49 3503 4 3426 12 3297 29 
GUD-3 5TH ROW-3 163 88.6 8527 0.30669 0.00091 30.28566 0.63569 0.7162 0.01488 0.99 0.54697 0.07872 -0.83 3504 4 3496 21 3482 56 
GUD-3 5TH ROW-6 254 192 55416 0.30956 0.00074 30.71149 0.54464 0.71954 0.01264 0.991 0.75981 0.10824 -0.9 3519 3 3510 17 3494 47 





Appendix 2. Table 5. Results of LA-MC-ICP-MS Lu-Hf isotope analyses of felsic volcaniclastic sample GUD-3, Gorumahisani Greenstone Belt, India. Note 
excessively discordant grains shown in grey background were not considered for U-Pb concordia plot. 
Sample  176Hf/177Hf 1 176Lu/177Hf 1 176Yb/177Hf 1 Age (Ma) 1 ɛHf(t) 
GUD-3 1ST ROW-2 0.280557 9.19E-06 0.000743 3.37E-06 0.025908 0.000149 3510000000 0.280506707 -0.09555 
GUD-31ST ROW-4 0.280533 8.87E-06 0.000507 6.7E-06 0.01745 0.00022 3510000000 0.280498239 -0.39741 
GUD-31ST ROW-5 0.280521 1.42E-05 0.000692 4.18E-06 0.023358 0.000173 3510000000 0.280474323 -1.25002 
GUD-31ST ROW-7 0.280552 6.51E-06 0.000619 3.19E-06 0.021482 0.000126 3510000000 0.280509871 0.017251 
GUD-31ST ROW-8 0.280555 0.000007 0.000788 1.77E-06 0.02752 5.66E-05 3510000000 0.280501901 -0.26688 
GUD-31ST ROW-9 0.280542 4.68E-06 0.000365 5.68E-06 0.011863 0.000221 3510000000 0.280517556 0.291231 
GUD-3 1ST ROW-10 0.28059 8.81E-06 0.000989 1.15E-05 0.034428 0.000425 3510000000 0.280522636 0.472324 
GUD-3 2ND ROW-1 0.28055 1.06E-05 0.000743 3.84E-06 0.026557 0.000113 3510000000 0.280499298 -0.35966 
GUD-3 2ND ROW-2 0.280549 8.7E-06 0.000617 8.27E-06 0.021115 0.000268 3510000000 0.280507286 -0.0749 
GUD-3 2ND ROW-3 0.28054 9.14E-06 0.000687 2.18E-06 0.023923 8.78E-05 3510000000 0.28049305 -0.58241 
GUD-3 2ND ROW -4 0.280531 9.27E-06 0.000664 2.23E-06 0.022764 5.82E-05 3510000000 0.280485857 -0.83883 
GUD-3 2ND ROW -5 REPEAT 0.280569 1.02E-05 0.000785 5.16E-06 0.026178 0.000166 3510000000 0.280515648 0.223198 
GUD-3 2ND ROW -6 0.280566 7.67E-06 0.000779 3.15E-06 0.025951 6.18E-05 3510000000 0.280513012 0.129223 
GUD-3 2ND ROW -7 0.280519 9.3E-06 0.000656 5.13E-06 0.021699 0.000158 3510000000 0.280474145 -1.25634 
GUD-3 2ND ROW -8 0.28058 1.86E-05 0.001381 3.33E-05 0.049037 0.00123 3510000000 0.280486386 -0.81996 
GUD-3 3RD ROW-2 0.280562 8.62E-06 0.000722 4.84E-06 0.024754 0.000172 3510000000 0.280512983 0.128199 
GUD-3 3RD ROW -3 CORE? 0.280577 1.14E-05 0.001289 1.02E-05 0.044154 0.000172 3510000000 0.28048939 -0.71287 
GUD-3 3RD ROW-8 0.280558 7.81E-06 0.00073 3.14E-06 0.025033 9.91E-05 3510000000 0.280508661 -0.02589 
GUD-3 3RD ROW-9 0.280554 8.11E-06 0.000734 4.04E-06 0.025546 0.000171 3510000000 0.280503977 -0.19285 





Appendix 2. Table 6. Results of Raman analyses of carbonaceous matter from three chert samples (i.e., GUD-1D, 2B and 7C) of the Gorumahisani 
Greenstone Belt, India. 
Sample Band Area Center Width Height ID1/(ID1+IG) R2=AD1/(AD1+AD2+G) T=-445*R2+641 D/G area D/G intensity 
GUD 1D spec 00 D1 156835.64 1358.4072 39.65355 3155.7514 0.4609104 0.406257 460.21562 0.7475312 0.8549791 
 G 209804.82 1588.8191 26.89681 6223.7884      
 D2 19409.824 1626.4026 19.24421 804.75097      
GUD 1D spec 000 D1 72352.466 1357.5388 37.63447 1533.9374 0.46097 0.3940797 465.63455 0.7129986 0.8551844 
 G 101476.32 1587.4223 26.43696 3062.6203      
 D2 9769.7928 1625.0133 19.72134 395.26566      
GUD 1D spec 002 D1 43937.405 1357.6325 38.3328 914.54258 0.4609731 0.3847662 469.77903 0.6852437 0.8551951 
 G 64119.384 1587.512 27.41949 1865.8213      
 D2 6135.6803 1626.6941 20.46527 239.2133      
GUD 1D Spec 003_05-12-2019 D1 192011.92 1358.4188 38.39326 3990.3707 0.460938 0.4259347 451.45908 0.8162353 0.8550741 
 G 235240.9 1588.6562 26.86711 6986.0536      
 D2 23548.532 1626.9179 20.17535 931.28535      
GUD 1D Spec003 D1 55768.034 1357.037 39.62274 1123.0029 0.4608514 0.4024838 461.89472 0.7316878 0.8547764 
 G 76218.345 1587.593 26.44653 2299.487      
 D2 6573.3304 1625.042 19.59395 267.67237      
GUD 1D Spec004 D1 40801.773 1357.3285 37.841 860.31305 0.4609274 0.3932661 465.99659 0.7093799 0.8550377 
 G 57517.524 1587.4487 26.46226 1734.2565      
 D2 5431.7609 1625.3405 20.09491 215.67243      
GUD 1D Spec005 D1 39352.891 1357.7095 40.18259 781.40969 0.4609352 0.4043929 461.04517 0.7360532 0.8550646 
 G 53464.741 1587.8444 27.00831 1579.4655      
 D2 4495.8805 1625.4699 18.15712 197.56399      
GUD 1D Spec006 D1 39145.173 1356.5297 41.7818 747.53423 0.4607722 0.4196077 454.27457 0.7839756 0.8545037 
 G 49931.624 1587.506 27.07818 1471.2834      
 D2 4213.1308 1626.143 19.57215 171.75386      
           
           
349 
 
Sample Band Area Center Width Height ID1/(ID1+IG) R2=AD1/(AD1+AD2+G) T=-445*R2+641 D/G area D/G intensity 
GUD 1D Spec007 D1 14783.238 1356.6315 41.23271 286.06703 0.4608106 0.4119332 457.68972 0.7686682 0.854636 
 G 19232.276 1587.3794 27.19885 564.18332      
 D2 1871.9492 1628.7836 24.09375 61.99116      
GUD 1D Spec008 D1 15738.906 1357.627 38.64366 324.96482 0.4609221 0.3710227 475.89489 0.6546359 0.8550195 
 G 24042.227 1587.8316 27.287 703.00585      
 D2 2639.1967 1627.2248 24.0719 87.47851      
GUD 7C spec 1 D1 74874.421 1356.803 35.37114 1688.9801 0.4605272 0.478239 428.18366 1.0217199 0.8536615 
 G 73282.726 1589.3923 28.32623 2064.2053      
 D2 8405.6337 1625.061 20.76447 322.99048      
GUD 7C spec 1 D1 74874.42 1356.803 35.37113 1688.9803 0.4605272 0.4782389 428.18371 1.0217218 0.8536615 
 G 73282.591 1589.3923 28.32618 2064.2053      
 D2 8405.7996 1625.0609 20.76493 322.98972      
GUD 7C spec 11 D1 84650.311 1356.956 33.21492 2033.4592 0.4608396 0.4578477 437.25778 0.94988 0.8547356 
 G 89116.847 1587.5739 26.03404 2731.2299      
 D2 11120.337 1625.2506 20.60721 430.5651      
GUD 7C spec 12 D1 54375.311 1356.88 33.74897 1285.5271 0.4608174 0.4059664 460.34495 0.7612242 0.8546592 
 G 71431.402 1587.627 25.3641 2247.0347      
 D2 8133.7031 1624.6921 21.26348 305.20671      
GUD 7C spec 14 D1 78736.5 1356.5517 35.42717 1773.29 0.4607485 0.4897493 423.06156 1.0939269 0.8544222 
 G 71976.017 1587.683 28.10487 2043.3666      
 D2 10056.471 1626.5958 20.34055 394.47826      
GUD 7C spec 15 D1 73073.8 1356.8664 32.96675 1768.5836 0.4607935 0.4713211 431.26209 0.9884278 0.8545772 
 G 73929.324 1587.7634 26.53054 2223.3644      
 D2 8037.2374 1625.5169 20.01569 320.38801      
GUD 7C spec 16 D1 59808.923 1356.9333 33.30898 1432.6654 0.460819 0.4563007 437.94618 0.9329315 0.8546647 
 G 64108.587 1587.6792 26.77473 1910.4302      
 D2 7155.9726 1626.1117 20.30371 281.21161      
350 
 
Sample Band Area Center Width Height ID1/(ID1+IG) R2=AD1/(AD1+AD2+G) T=-445*R2+641 D/G area D/G intensity 
           
           
GUD 7C spec 17 D1 62753.228 1356.9969 33.00208 1517.1721 0.4608296 0.4027984 461.75473 0.7487437 0.8547011 
 G 83811.361 1587.686 25.60019 2612.1601      
 D2 9228.5678 1625.1216 20.51755 358.87976      
           
GUD 7C spec 18 D1 56299.988 1356.8473 33.92699 1324.0458 0.4605685 0.4039003 461.26435 0.7478146 0.8538035 
 G 75286.023 1589.1798 28.01778 2143.9799      
 D2 7804.7772 1628.2765 14.32474 434.7242      
GUD-7C spec 11 D1 84472.413 1356.9564 33.16087 2032.4931 0.4608393 0.4577801 437.28786 0.9491649 0.8547346 
 G 88996.562 1587.5763 26.01104 2729.9559      
 D2 11057.206 1625.2132 20.55147 429.28185      
GUD-7C spec 16 D1 60836.576 1356.9321 33.75064 1438.2117 0.460822 0.4567862 437.73015 0.9384311 0.854675 
 G 64827.96 1587.6585 26.9746 1917.5528      
 D2 7519.3866 1626.4561 20.81977 288.16857      
GUD-7C spec 18 D1 53930.168 1356.8586 32.83264 1310.5877 0.4605635         0.40390035 
  
461.2643 0.732157 0.8537864 
 G 73659.298 1589.2249 27.67203 2123.8636      
 D2          
GUD 2B spec 19 D1 95050.159 1357.6144 37.34655 2030.6842 0.4609328 0.3930136 466.10893 0.7110631 0.8550564 
 G 133673.31 1587.7483 27.26807 3911.3827      
 D2 13126.053 1626.0353 20.12757 520.33478      
GUD 2B spec 20 D1 64559.566 1357.5296 36.30319 1418.9134 0.4609283 0.3522588 484.24481 0.5969608 0.8550407 
 G 108147.08 1587.6783 27.7372 3110.9438      
 D2 10566.442 1626.9265 21.7772 387.13881      
GUD 2B spec 21 D1 88044.166 1357.6928 37.95142 1851.0265 0.4609509 0.3616931 480.04655 0.618216 0.8551186 
 G 142416.51 1587.7245 27.26472 4167.7285      
 D2 12961.586 1626.3888 19.72215 524.37732      
GUD 2B spec 22 D1 83649.266 1357.7807 38.17267 1748.4358 0.4609498 0.3926452 466.27288 0.7074635 0.8551146 
351 
 
Sample Band Area Center Width Height ID1/(ID1+IG) R2=AD1/(AD1+AD2+G) T=-445*R2+641 D/G area D/G intensity 
 G 118238.28 1587.8347 27.22412 3465.3278      
 D2 11152.78 1626.0961 20.18747 440.7997      
GUD 2B spec 23 D1 80364.213 1357.6107 39.55445 1621.091 0.4609152 0.3785926 472.52631 0.6686974 0.8549958 
 G 120180.25 1587.8565 28.02856 3421.1515      
 D2 11726.523 1626.8102 20.37262 459.26403      
GUD- 2B spec 24 D1 121645.4 1357.555 41.89707 1848.3841 0.4608453 0.4064236 460.14149 0.6969532 0.8547554 
 G 174538.83 1588.238 29.56579 3758.2248      
 D2 3122.6922 1628.2512 11.97757 165.97415      
GUD-2B spec 25 D1 79543.794 1357.6139 39.24898 1617.0296 0.4609147 0.3775314 472.99851 0.6647455 0.8549939 
 G 119660.52 1587.864 27.94774 3416.2074      




Appendix 3. Table 1. Major element data (XRF) in wt. % of the Kalisagar Formation komatiites. Note: 




Type  Al-undepleted  Al-undepleted  Al-undepleted  Al-undepleted  Al-undepleted  Al-undepleted  Al-undepleted  Al-depleted  Al-depleted  Al-depleted  
Sample DM30 DM31 DM31B DM31C DM31D DM31E DM74 DM97A DM97B DM97C 
SiO2 39.1 43.7 46.6 43.5 43.9 42.8 49.9 43.6 43.8 45.3 
TiO2 0.1 0.2 0.2 0.2 0.2 0.2 0.2 0.4 0.4 0.4 
Al2O3 2.0 4.1 4.3 4.5 3.8 3.6 3.5 4.5 5.0 4.5 
Fe2O3 7.2 10.3 9.3 10.7 10.2 10.3 9.5 12.5 13.9 11.4 
MnO BD 0.2 0.1 0.1 0.2 0.2 0.1 0.1 0.2 0.2 
MgO 36.9 29.3 22.8 29.1 30.2 31.5 23.0 23.8 22.1 22.6 
CaO 0.2 3.8 10.4 3.8 3.3 2.0 9.8 6.1 7.9 8.1 
Na2O BD BD BD BD BD BD BD BD BD BD 
K2O BD BD BD BD BD BD BD BD BD BD 
P2O5 BD BD BD BD BD BD BD BD BD BD 
SO3 BD BD BD BD BD BD BD BD BD BD 
NiO 0.3 0.2 0.2 0.2 0.2 0.2 0.1 0.1 0.1 0.2 
Cr2O3 0.2 0.3 0.4 0.4 0.3 0.3 0.3 0.3 0.4 0.4 
SUM oxide 86.0 92.1 94.2 92.4 92.2 91.1 96.5 91.5 93.7 92.9 
LOI 14.6 8.0 5.3 7.9 8.2 9.4 3.0 8.7 6.4 7.0 
Total 100.7 100.0 99.4 100.3 100.4 100.5 99.5 100.2 100.1 99.9 
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Appendix 3. Table 2. Trace element geochemical data of komatiite samples of the Kalisagar 















Al-depleted  Al-depleted  Al-depleted  
Sample DM30 DM31 DM31B DM31C DM31D DM31E DM74 DM97A DM97B DM97C 
Li 0.54 3.47 1.84 3.92 2.84 3.04 3.03 7.37 9.84 10.44 
Rb 0.09 0.66 0.25 0.79 0.59 0.33 0.23 0.25 0.39 0.40 
Sr 1.92 5.68 48.33 6.38 4.19 4.02 11.75 63.36 42.86 51.68 
Ba 0.53 1.92 0.98 1.21 2.26 2.02 1.29 0.75 2.33 1.48 
Zr 3.09 3.68 4.54 6.92 2.87 3.29 1.95 3.35 10.68 9.59 
Hf 0.03 0.17 0.16 0.16 0.15 0.15 0.14 0.11 0.32 0.24 
Nb 0.18 0.28 0.29 0.28 0.25 0.24 0.23 0.91 1.06 0.99 
Ta 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.05 0.06 0.05 
U 0.01 0.01 0.00 0.01 0.01 0.00 0.00 0.02 0.03 0.02 
Th 0.04 0.02 0.02 0.02 0.02 0.02 0.03 0.05 0.09 0.11 
Pb 0.33 0.41 0.26 0.44 0.29 0.37 0.19 0.89 1.46 13.35 
Y 1.59 6.02 5.46 5.88 5.62 4.80 3.23 3.41 5.39 4.93 
Co 88.5 88.0 83.1 93.0 92.5 90.4 75.4 96.4 86.0 89.4 
Cr 1367 2438 2575 2760 2581 2410 2077 26244 2500 1666 
Ni 2104 1409 1328 1292 1322 1770 927 998 766 1140 
Sc 7.61 10.47 4.11 11.72 13.32 9.92 17.09 5.71 7.23 14.96 
La 0.18 0.34 0.35 0.34 0.38 0.34 0.20 0.33 0.71 1.24 
Ce 0.45 1.09 0.87 1.06 1.09 0.85 0.55 1.00 2.11 3.54 
Pr 0.06 0.18 0.15 0.17 0.17 0.15 0.09 0.19 0.36 0.54 
Nd 0.28 0.99 0.85 0.96 0.96 0.81 0.54 1.07 2.03 2.68 
Sm 0.10 0.39 0.33 0.38 0.37 0.32 0.23 0.47 0.80 0.75 
Eu 0.04 0.17 0.09 0.15 0.17 0.17 0.04 0.09 0.17 0.14 
Gd 0.16 0.60 0.53 0.62 0.55 0.49 0.34 0.56 0.94 0.86 
Tb 0.04 0.13 0.11 0.13 0.11 0.10 0.08 0.11 0.18 0.14 
Dy 0.24 0.92 0.81 0.92 0.83 0.75 0.55 0.65 1.08 0.88 
Ho 0.06 0.20 0.18 0.20 0.18 0.16 0.12 0.13 0.21 0.18 
Er 0.14 0.54 0.49 0.56 0.47 0.45 0.33 0.39 0.53 0.49 
Tm 0.02 0.09 0.08 0.08 0.08 0.07 0.05 0.07 0.08 0.08 
Yb 0.15 0.53 0.48 0.52 0.45 0.44 0.32 0.50 0.53 0.55 
Lu 0.02 0.08 0.07 0.08 0.07 0.06 0.05 0.08 0.08 0.09 
Cs 0.06 1.02 0.38 1.24 1.22 0.64 0.15 0.25 0.47 0.38 
Ga 2.32 5.12 5.61 5.57 4.82 4.84 3.82 6.14 6.43 5.87 
V 47.8 116.4 116.2 142.0 115.8 103.2 107.9 144.0 152.7 123.6 
W 0.21 0.09 0.01 0.29 0.09 0.02 0.13 0.03 0.08 0.07 
Cu 2.86 5.64 79.35 1.32 1.79 1.27 23.52 47.32 29.88 76.19 
Zn 22.1 52.0 35.7 49.7 47.5 51.4 46.3 54.7 51.9 49.6 





Appendix 3. Table 3. Major element data (XRF) in wt. % of the Daitari basalts. Note: BD refers to 












Type Group-I Group-II 
Sample No. DM86 DM 46A DM 47 C DM28 DM26 DM27 DM 41A DM32 DM57A 
SiO2 66.3 44.2 67.7 43.9 50.3 45.4 52.3 45.6 70.5 
TiO2 0.88 1.15 0.67 0.61 0.64 0.86 1.03 0.51 0.69 
Al2O3 20.2 9.92 12.82 14.11 13.98 13.05 12.51 11.08 15.1 
Fe2O3 1.95 13.99 1.65 9.98 10.55 12.83 11.2 10.55 4.77 
MnO BD 0.23 0.13 0.16 0.18 0.20 0.24 0.21 0.07 
MgO 0.69 6.41 1.92 6.99 8.46 6.28 4.51 5.27 1.49 
CaO 0.099 8.17 4.17 8.93 12.34 7.78 8.69 12.54 BD 
Na2O 0.06 2.16 3.29 3.89 1.35 2.19 3.07 1.38 0.12 
K2O 6.68 BD 1.74 BD 0.66 BD 0.23 BD 3.62 
P2O5 0.09 0.11 0.15 BD 0.08 0.074 0.092 0.05 BD 
SO3 BD BD BD BD BD BD BD BD BD 
NiO BD BD BD BD BD BD BD BD BD 
Cr2O3 BD BD BD BD BD BD BD BD 0.15 
SUM oxide 96.9 86.3 94.2 88.6 98.5 88.7 93.8 87.2 96.5 
LOI 2.71 12.85 4.66 10.61 1.84 10.86 5.49 12.92 2.58 




Appendix 3. Table 4. Trace element geochemical data of the Daitari basalts. (ICP-MS data) in ppm. 
Type Group-I Group-II 
Sample No. DM86 DM 46A DM 47 C DM28 DM26 DM27 DM 41A DM32 DM57A 
Li 3.85 30.18 20.97 16.54 42.98 18.05 39.64 22.72 15.45 
Rb 167.29 0.22 41.01 0.26 41.01 0.67 6.20 0.24 56.95 
Sr 6.62 97.60 71.50 93.80 123.21 97.52 113.65 49.00 6.65 
Ba 62.42 3.23 135.94 8.21 96.85 5.52 24.10 1.16 72.99 
Zr 42.3 57.3 59.3 20.1 46.4 14.5 17.1 21.1 30.4 
Hf 1.07 1.34 1.48 0.51 1.17 0.34 0.48 0.41 0.92 
Nb 2.84 8.48 2.49 1.79 5.52 2.81 3.23 1.28 1.61 
Ta 0.17 0.48 0.15 0.09 0.39 0.15 0.19 0.07 0.12 
U 0.10 0.15 0.18 0.06 0.19 0.07 0.09 0.07 0.06 
Th 0.51 0.75 0.69 0.28 0.67 0.28 0.41 0.20 0.34 
Pb 2.23 1.04 2.11 1.97 1.76 1.47 1.73 0.39 0.97 
Y 6.06 6.02 7.37 6.60 15.24 18.04 24.29 12.23 11.80 
Co 14.68 49.93 42.96 45.60 53.05 49.17 53.49 40.48 43.85 
Cr 238.5 74.4 194.7 280.9 197.3 170.2 146.0 286.5 936.9 
Ni 44.2 92.9 119.0 124.6 109.0 123.6 123.5 91.9 186.3 
Sc 55.92 23.44 23.27 31.32 39.37 31.60 34.49 29.65 52.39 
La 3.70 11.71 12.61 2.98 5.53 3.10 4.56 1.48 4.20 
Ce 10.07 26.33 28.23 7.22 12.22 8.14 10.55 3.91 12.02 
Pr 1.36 3.62 3.66 1.02 1.58 1.21 1.57 0.57 1.83 
Nd 6.21 16.19 15.20 4.65 6.87 5.62 7.82 2.81 8.66 
Sm 1.49 3.44 3.44 1.25 1.80 1.65 2.38 0.88 2.27 
Eu 0.45 0.94 1.13 0.39 0.62 0.54 0.81 0.36 0.63 
Gd 1.34 2.99 3.07 1.30 2.08 2.17 3.11 1.29 1.91 
Tb 0.20 0.33 0.35 0.20 0.37 0.40 0.58 0.26 0.33 
Dy 1.11 1.48 1.60 1.13 2.41 2.72 4.08 1.87 2.18 
Ho 0.23 0.26 0.27 0.23 0.52 0.61 0.87 0.42 0.47 
Er 0.67 0.76 0.78 0.66 1.45 1.72 2.39 1.16 1.36 
Tm 0.11 0.14 0.15 0.11 0.23 0.27 0.37 0.18 0.21 
Yb 0.82 1.07 1.03 0.91 1.52 1.73 2.33 1.16 1.39 
Lu 0.13 0.16 0.17 0.14 0.23 0.25 0.31 0.16 0.20 
Cs 2.93 0.14 1.08 0.06 2.55 0.04 1.48 0.02 0.81 
Ga 18.62 12.37 12.76 12.69 12.44 15.15 15.31 11.74 14.79 
V 332.1 220.1 129.0 136.7 212.9 260.4 299.2 205.2 315.0 
Cu 23.83 216.50 74.41 76.01 102.33 67.18 102.96 2.38 22.12 
Zn 26.87 99.10 52.72 57.99 58.47 99.58 106.52 62.89 35.46 





Appendix 3. Table.5. Major element data (XRF) in wt. % of the felsic volcanic rocks, Daitari belt. 




 Dacites Granitoid 
Sample DM70 DM7 DM47B DM25 DM 47G DM 47A DM3 DM4 DM12 DM6 DM 77B DM34 2 
SiO2 65.9 62.5 63.7 61.9 80.4 66.8 71.6 69.4 82.1 89.2 74.1 71.9 
TiO2 0.4 0.5 0.3 0.5 0.2 0.3 0.6 0.5 0.4 0.2 0.2 0.2 
Al2O3 11.1 15.9 12.1 14.6 5.7 12.2 18.0 22.5 12.3 7.8 16.1 15.0 
Fe2O3 2.5 0.8 2.1 5.4 5.6 6.0 0.2 0.5 0.5 0.3 0.9 1.8 
MnO 0.1 0.2 0.2 0.1 0.1 0.1 0.0 0.0 0.1 0.0 0.0 0.0 
MgO 2.6 2.0 2.5 3.2 4.4 3.9 0.4 0.4 1.6 0.7 0.9 0.7 
CaO 4.8 11.5 6.7 2.9 0.1 2.2 1.2 0.9 0.1 0.3 0.0 0.9 
Na2O 0.1 3.8 3.3 6.2 0.0 2.1 5.8 2.5 1.3 1.0 0.0 5.1 
K2O 4.0 2.3 1.6 0.5 0.1 1.1 2.0 2.2 1.3 0.5 5.5 2.1 
P2O5 0.1 0.1 0.1 0.1 0.1 0.1 0.2 1.3 0.1 0.0 0.0 0.1 
SO3 BD BD BD BD BD BD BD BD BD BD BD BD 
NiO BD 0.006 BD BD BD BD 0.006 0.002 BD 0.003 BD BD 
Cr2O3 BD 0.0419 BD BD BD BD 0.0374 0.0414 0.0432 0.03 BD BD 
SUM oxide 91.5 99.7 92.5 95.4 96.7 94.8 100.0 100.2 99.7 100.1 97.7 97.8 
LOI 7.96 10.65 7.49 4.54 2.47 4.34 2.73 3.19 2.5 1.79 2.24 1.80 
Total 99.5 99.7 100.0 99.9 99.2 99.2 100.1 100.3 99.8 100.1 99.9 99.7 
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Appendix 3. Table 6. Trace element geochemical data of the felsic volcanic rocks, Daitari Belt. (ICP-
MS data) in ppm. 
 Dacites Granitoids 
Trace Element DM70 DM7 DM25 DM 47G DM 47A DM3 DM4 DM12 DM6 DM 77B DM34 2 DM 89 
Li 9.4 14.0 12.7 39.4 45.1 6.5 29.8 38.1 20.9 13.8 14.6 18.4 
Rb 58.0 29.3 13.5 2.9 28.6 38.0 36.7 16.0 22.3 110.2 44.5 63.4 
Sr 36.1 217.6 295.0 1.3 28.4 266.3 98.8 221.9 88.5 40.1 104.7 383.8 
Ba 114 118 95 23 66 230 280 192 431 185 128 275 
Zr 110 173 162 55 138 204 243 183 100 84 81 61 
Hf 3.0 4.5 3.7 1.3 3.4 5.5 6.2 4.5 2.5 2.4 2.3 1.5 
Nb 7.5 10.9 9.6 1.9 6.3 12.7 12.8 12.1 5.8 2.0 1.9 5.8 
Ta 0.6 0.8 0.7 0.1 0.6 0.9 1.0 0.9 0.5 0.2 0.2 0.4 
U 1.0 1.0 1.2 0.5 2.3 1.5 2.1 1.3 0.4 0.7 0.9 0.5 
Th 4.4 4.5 4.4 1.4 6.0 5.5 3.3 3.2 2.9 1.8 1.8 3.9 
Pb 1.9 10.6 6.5 0.7 2.1 7.5 7.5 4.9 2.1 3.5 13.8 14.4 
Y 14.5 14.2 19.1 6.7 13.8 21.3 45.9 11.2 1.6 6.2 3.6 3.0 
Co 4.4 15.0 16.3 6.1 5.9 4.0 1.3 2.9 2.0 1.1 3.2 3.0 
Cr 19.6 68.0 55.1 19.2 101.4 109.2 61.0 85.4 19.6 10.4 24.8 20.2 
Ni 13.8 26.3 58.1 42.9 15.7 26.7 21.0 15.7 25.8 8.5 8.8 9.7 
Sc 2.5 8.1 9.7 3.7 5.6 12.0 9.3 5.0 6.4 1.8 2.2 1.4 
La 16.4 25.0 21.2 9.3 16.2 35.9 16.7 23.7 4.4 12.5 8.9 20.5 
Ce 33.1 47.8 42.1 17.5 29.2 89.9 33.6 57.5 9.9 22.7 18.3 36.4 
Pr 3.9 6.2 4.8 2.0 3.2 9.2 5.4 6.1 1.2 3.6 2.1 3.6 
Nd 15.1 22.3 17.6 7.5 12.3 36.7 22.7 23.5 4.1 14.6 7.5 11.4 
Sm 3.1 4.4 3.5 1.3 2.5 6.8 6.0 4.4 1.0 3.0 1.5 1.7 
Eu 0.8 1.0 0.8 0.4 0.6 1.4 1.6 0.9 0.4 0.8 0.4 0.6 
Gd 3.3 4.2 3.7 1.4 2.7 6.3 7.2 4.1 0.7 2.5 1.3 1.5 
Tb 0.5 0.5 0.5 0.2 0.4 0.7 1.2 0.5 0.1 0.3 0.1 0.1 
Dy 2.5 2.6 2.9 1.0 2.1 3.8 7.3 2.3 0.4 1.2 0.7 0.6 
Ho 0.5 0.5 0.6 0.2 0.4 0.8 1.5 0.4 0.1 0.2 0.1 0.1 
Er 1.5 1.4 1.7 0.6 1.3 2.6 4.6 1.3 0.1 0.6 0.4 0.3 
Tm 0.2 0.2 0.3 0.1 0.2 0.5 0.8 0.2 0.0 0.1 0.1 0.0 
Yb 1.5 1.5 1.8 0.6 1.4 3.6 5.0 1.3 0.1 0.4 0.3 0.2 
Lu 0.2 0.2 0.3 0.1 0.2 0.6 0.8 0.2 0.0 0.1 0.1 0.0 
Cs 1.0 1.5 0.8 0.1 1.1 1.8 2.3 1.3 1.4 1.9 0.8 3.8 
Ga 11.7 13.7 15.5 6.0 13.2 26.8 25.1 18.5 10.2 17.4 16.9 15.5 
Sn BD 2.0 BD BD BD 2.6 2.7 2.7 1.4 0.7 BD 1.1 
V 31.6 73.1 58.9 24.0 36.3 90.6 83.9 59.3 32.3 12.8 13.7 10.7 
W 0.7 0.6 1.1 1.1 0.4 0.6 0.7 0.6 0.2 5.6 8.7 0.1 
Cu 1.1 60.5 23.9 6.9 20.9 24.5 48.9 16.2 19.4 4.7 17.3 3.7 
Zn 21 32 50 39 49 42 40 22 22 23 52 24 












Rock type Silicified Shale Silicified Shale Greywacke Shale Shale Sandstone Sandstone Sandstone Greywacke Shale Shale Greywacke Shale Greywacke Shale Shale Greywacke Shale Shale 
Sample DM71B DM71C DM44C DM99 DM43 DM44B DM2/A DM81A DM9 DM10 DM71A DM71D DM91 DM69 DM81C DM2 DM93 DM94 DM95 
SiO2 77.6 82.0 53.6 61.5 55.3 59.9 77.9 82.0 55.4 60.1 77.4 65.0 80.2 77.3 91.1 79.4 62.1 74.1 65.4 
TiO2 0.2 0.2 1.8 0.2 0.6 0.8 0.2 0.2 1.1 0.8 0.5 0.6 0.2 0.8 0.2 0.4 0.7 0.4 0.5 
Al2O3 5.0 5.7 13.0 9.8 23.6 22.0 14.0 10.9 28.5 23.8 12.4 21.2 11.8 13.1 5.4 8.9 14.6 10.5 13.8 
Fe2O3 3.7 4.5 12.9 21.2 6.3 1.5 0.8 0.2 0.7 2.1 1.1 1.5 1.1 0.9 0.1 5.5 9.3 4.9 6.7 
MnO BD BD 0.2 0.1 0.1 BD BD BD BD BD BD BD BD BD BD BD BD BD BD 
MgO 2.3 2.8 2.7 2.9 3.5 0.7 0.5 0.4 0.7 1.0 0.4 0.6 0.5 0.4 0.1 0.2 4.8 1.6 1.8 
CaO 4.0 1.1 4.1 0.3 0.2 0.2 BD 0.1 BD BD 0.2 0.1 BD BD BD BD 0.2 0.1 0.1 
Na2O 0.9 0.9 2.2 BD 1.0 0.1 0.1 BD 0.2 0.1 0.1 0.4 BD 0.1 BD 0.1 BD BD BD 
K2O BD BD 1.3 BD 3.5 11.7 4.5 3.6 9.0 8.3 3.8 5.8 3.7 4.2 1.5 2.6 3.5 2.9 3.9 
P2O5 BD BD 0.3 0.2 BD 0.2 BD BD 0.1 BD 0.1 0.1 BD BD BD 0.1 0.2 0.1 0.1 
SO3 BD BD BD BD BD BD BD BD BD BD BD BD BD BD BD BD BD BD BD 
NiO BD BD BD BD BD BD BD BD BD BD BD BD BD BD BD BD BD BD BD 
Cr2O3 BD BD BD BD 0.1 BD BD BD BD BD BD BD BD BD BD BD BD BD BD 
SUM oxide 93.7 97.1 91.9 96.2 94.3 97.0 97.9 97.4 95.7 96.2 95.9 95.2 97.4 96.7 98.3 97.1 95.4 94.6 92.3 
LOI 4.9 2.6 7.3 3.6 5.3 2.2 2.0 1.5 3.8 3.4 3.0 3.6 2.0 2.2 0.8 2.7 3.7 5.1 6.8 
Total 98.6 99.7 99.3 99.8 99.6 99.6 99.9 98.9 99.5 99.6 98.9 98.9 99.4 98.9 99.1 99.8 99.2 99.7 99.1 
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Appendix 3. Table.8. Trace element geochemical data of clastic rocks of the Sindurimundi Formation. 




Sample DM71B DM71C DM44C DM99 DM43 DM44B DM2/A DM81A DM9 DM10 DM71A DM71D DM91 
Li 36.6 46.3 25.7 7.6 90.3 17.0 5.0 3.7 11.2 11.4 5.1 8.6 2.2 
Rb 0.4 0.2 49.5 0.1 115.1 157.3 106.8 56.7 153.0 143.6 84.5 128.7 112.0 
Sr 95.8 27.5 53.6 6.3 77.0 10.3 17.5 15.7 71.8 12.5 29.8 156.8 14.6 
Ba 3.7 2.6 89.6 6.6 535.4 3000.1 227.9 82.3 316.0 158.2 444.9 931.4 97.7 
Zr 41.2 46.9 185.0 96.8 120.1 263.6 91.4 66.0 227.9 212.9 127.8 186.6 85.5 
Hf 1.11 1.19 4.82 2.10 3.45 6.21 2.68 1.98 6.14 5.63 3.42 5.19 2.70 
Nb 3.45 3.67 7.23 4.53 14.95 9.14 5.24 5.91 20.93 13.00 9.69 13.39 10.30 
Ta 0.31 0.33 0.49 0.37 1.48 0.57 0.38 0.63 1.78 1.04 0.88 1.26 1.01 
U 0.54 0.66 0.80 0.77 3.19 1.41 0.91 1.17 2.06 1.60 1.46 2.03 2.76 
Th 1.80 2.07 2.61 2.67 14.65 3.47 3.80 4.01 10.63 7.42 6.14 7.62 13.12 
Pb 12.1 3.3 1.8 0.7 19.4 4.1 4.2 1.8 5.8 2.8 4.4 15.5 4.4 
Y 4.6 3.7 6.4 14.8 28.6 10.8 13.7 9.8 17.7 17.7 13.0 17.7 10.5 
Co 14.9 19.2 21.8 13.0 16.7 6.9 1.6 1.1 0.7 3.9 3.3 3.1 1.1 
Cr 18.5 17.5 4.2 19.7 724.3 208.9 38.7 46.6 63.5 65.8 58.8 64.6 169.6 
Ni 79.2 73.5 28.2 75.9 127.7 33.4 11.7 9.7 9.8 16.8 45.2 36.6 28.8 
Sc 1.80 2.14 30.59 4.94 21.56 6.55 3.91 4.00 14.91 11.12 8.47 7.95 3.33 
La 4.12 4.76 15.20 17.60 87.19 12.33 36.95 18.16 48.70 35.41 18.64 27.51 32.62 
Ce 8.57 9.23 33.19 35.67 67.43 31.12 60.66 35.50 89.67 65.94 37.37 58.37 59.08 
Pr 1.02 1.04 4.56 4.07 15.23 3.88 8.25 4.07 9.98 7.21 4.23 6.52 5.41 
Nd 3.75 3.83 21.80 15.12 57.58 17.30 30.59 15.34 40.04 27.79 15.53 23.19 16.51 
Sm 0.81 0.73 5.72 3.02 10.20 5.57 5.11 3.04 7.46 5.18 3.20 5.36 2.29 
Eu 0.18 0.19 1.46 0.91 2.29 2.00 1.28 0.72 1.65 1.41 0.90 1.55 0.44 
Gd 0.93 0.81 5.48 2.89 9.31 3.45 4.93 3.11 6.77 5.26 2.92 4.67 2.58 
Tb 0.14 0.12 0.73 0.37 1.19 0.44 0.56 0.39 0.77 0.64 0.40 0.64 0.26 
Dy 0.79 0.67 4.22 1.95 6.15 2.53 2.38 1.98 4.04 3.51 2.21 3.57 1.42 
Ho 0.16 0.14 0.87 0.40 1.12 0.51 0.44 0.40 0.75 0.69 0.45 0.73 0.31 
Er 0.44 0.40 2.55 1.25 2.91 1.50 1.14 1.07 2.10 1.92 1.32 2.09 1.05 
Tm 0.07 0.06 0.43 0.17 0.42 0.25 0.15 0.16 0.31 0.29 0.21 0.31 0.18 
Yb 0.42 0.37 3.05 1.27 3.00 1.69 1.04 1.07 2.30 2.12 1.45 2.10 1.21 
Lu 0.06 0.05 0.44 0.20 0.42 0.24 0.17 0.16 0.34 0.31 0.24 0.33 0.20 
Cs 0.04 0.04 1.35 0.03 3.68 2.56 2.89 1.94 2.65 2.94 1.91 4.43 0.80 
Ga 5.67 7.92 22.90 10.67 26.83 25.87 15.99 13.29 32.73 25.57 13.69 21.65 14.06 
V 18.0 18.0 133.2 26.8 138.9 92.8 19.8 24.9 107.9 84.5 56.3 55.0 16.8 
Cu 9.22 15.61 72.02 1.12 34.69 25.39 3.35 5.02 7.29 8.51 14.75 18.41 4.43 
Zn 50.1 53.4 77.3 56.1 121.3 50.9 13.5 26.0 22.0 47.1 31.8 48.3 5.4 
Ti 870 932 7666 1145 3263 3140 1266 1396 6074 4604 2746 3184 807 
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Appendix 3. Table.8 continued. Trace element geochemical data of clastic rocks of the Sindurimundi 
























DM69 DM81C DM2 DM93 DM94 DM95 
Li 4.4 0.5 2.9 22.4 10.2 10.9 
Rb 70.8 27.1 63.7 90.4 79.3 95.9 
Sr 13.0 5.1 15.0 4.1 55.1 47.7 
Ba 164.8 53.3 192.1 120.2 207.5 167.3 
Zr 67.2 52.9 95.1 202.1 97.5 131.9 
Hf 1.49 1.41 2.54 4.97 2.40 3.25 
Nb 10.83 3.40 4.42 11.60 7.28 7.87 
Ta 0.64 0.34 0.27 0.73 0.48 0.60 
U 1.26 0.77 0.48 1.01 1.85 1.93 
Th 2.39 2.44 2.06 3.72 3.52 3.89 
Pb 5.4 0.8 3.0 3.9 3.2 3.9 
Y 8.93 5.04 7.86 16.48 9.67 10.97 
Co 2.3 1.2 1.9 14.9 9.2 16.3 
Cr 55.0 27.8 43.3 21.4 80.4 98.9 
Ni 30.9 2.8 17.6 39.4 138.1 158.4 
Sc 6.31 3.67 6.89 9.78 8.04 9.40 
La 14.61 9.10 18.38 26.07 15.84 21.73 
Ce 26.56 19.29 25.60 57.88 31.32 45.28 
Pr 3.35 2.31 3.72 6.51 3.50 4.92 
Nd 13.06 8.67 14.99 24.97 13.08 18.37 
Sm 2.56 1.87 3.04 4.86 2.56 3.52 
Eu 0.84 0.41 0.82 1.14 0.71 0.99 
Gd 2.73 1.70 2.71 4.39 2.50 3.37 
Tb 0.34 0.22 0.34 0.52 0.28 0.38 
Dy 1.67 1.10 1.84 2.63 1.46 1.81 
Ho 0.30 0.20 0.36 0.53 0.29 0.36 
Er 0.78 0.55 0.98 1.66 0.94 1.06 
Tm 0.10 0.08 0.16 0.25 0.15 0.17 
Yb 0.54 0.49 1.21 1.90 1.10 1.18 
Lu 0.08 0.07 0.19 0.31 0.19 0.19 
Cs 1.49 0.99 1.44 2.17 0.55 0.80 
Ga 12.56 6.49 9.98 17.59 12.75 16.27 
V 63.4 21.4 50.8 45.3 51.5 60.3 
Cu 10.87 2.92 6.10 68.63 29.28 32.21 
Zn 34.6 2.0 37.3 67.0 25.3 31.7 
Ti 3957 849 2107 4435 1845 2532 
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Appendix 3. Table 9. Major element data (XRF) in wt. % of the Tomka Formation cherts. Note: BIF (Banded Iron Formation), BBWC (Banded black- and 
white chert), Laminated black chert (LBC), Green chert (GC). Note: BD refers to below detection limit. 
 
Type BIF BIF BIF BIF BBWC BBWC BBWC BBWC BBWC BBWC LBC LBC BBWC GC GC GC GC GC GC 
Sample DM47L DM55B DM17A DM55A DM16B DM15 DM47F DM47H DM21 DM103 DM102B2 DM23 DM104 DM47J DM16A DM17 DM101B DM101C DM105 
SiO2 82.0 90.3 83.0 81.8 99.3 100.3 98.1 97.7 98.6 98.1 97.3 94 98.5 94.5 97.8 98.5 90.2 92.0 94.3 
TiO2 BD BD BD BD BD BD BD BD BD BD BD 0.11 BD 0.05 0.25 0.27 0.45 0.47 1.06 
Al2O3 0.11 0.08 BD 0.10 0.07 0.13 0.73 0.15 BD 1.30 1.54 3.66 BD 2.50 0.97 1.18 1.74 1.73 2.95 
Fe2O3 14.79 8.91 16.49 17.79 BD BD 0.196 0.248 0.183 0.167 0.217 0.278 BD 0.135 0.153 0.165 3.404 2.729 0.153 
MnO 0.057 BD BD BD BD BD BD BD BD BD BD BD BD BD BD BD BD BD BD 
MgO 1.62 BD BD BD BD BD 0.15 0.05 BD BD BD 0.14 BD 0.27 BD 0.09 2.93 2.03 0.12 
CaO BD BD BD BD BD BD BD BD BD BD BD BD BD BD BD BD 0.09 0.51 BD 
Na2O BD BD BD BD BD BD BD BD BD BD BD BD BD BD BD BD BD BD BD 
K2O 0.069 BD BD BD BD BD 0.179 BD BD 0.417 0.492 1.061 BD 0.874 0.329 0.329 BD BD 1.04 
P2O5 BD BD BD BD BD BD BD BD BD BD BD BD BD BD BD BD 0.07 0.38 BD 
SO3 BD BD BD BD BD BD BD BD BD BD BD BD BD BD BD BD BD BD BD 
NiO BD BD BD BD BD BD BD BD BD BD BD BD BD BD BD BD 0.058 BD BD 
Cr2O3 BD BD BD BD BD BD BD BD BD BD BD BD BD BD 0.11 0.08 0.18 0.15 0.19 
SUM oxide 98.7 99.3 99.7 99.8 99.4 100.4 99.3 98.2 98.8 100.0 99.5 99.2 98.5 98.3 99.6 100.6 99.2 100.0 99.9 
LOI 0.47 0.09 0.14 0.12 0.27 0.26 0.24 0.14 0.12 0.34 0.37 0.82 0.20 0.56 0.21 0.25 1.14 0.93 0.48 
Total 99.2 99.5 100.0 100.3 99.7 100.7 99.6 98.4 99.0 100.4 99.9 100.1 98.7 98.9 99.9 100.9 100.3 101.0 100.4 
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Appendix 3. Table 10. Trace element geochemical data of chert samples of the Tomka Formation. 
(ICP-MS data) in ppm. 
Sample DM47L DM76A DM55B DM17A DM55A DM16B DM15 DM47F DM47H DM21 
Li 0.20 0.10 0.71 0.23 0.52 0.19 0.17 2.13 0.84 0.08 
Rb 0.39 0.03 0.07 0.13 0.07 0.42 0.70 3.27 0.09 0.05 
Sr 0.31 1.30 0.34 0.08 0.34 0.27 0.61 0.66 0.29 0.34 
Ba 0.87 0.84 0.64 1.29 0.63 17.35 14.42 56.00 0.70 3.60 
Zr 1.07 0.37 0.18 0.21 0.22 0.74 1.24 6.97 1.58 0.30 
Hf 0.02 0.02 0.00 0.01 0.01 0.02 0.03 0.14 0.03 0.01 
U 0.03 0.04 0.01 0.03 0.02 0.08 0.07 0.07 0.05 0.03 
Th 0.03 0.02 0.01 0.02 0.01 0.04 0.04 0.15 0.03 0.01 
Pb 0.50 1.44 0.75 0.04 1.03 0.94 1.28 0.47 0.55 2.78 
Y 2.68 12.39 1.75 0.53 1.38 0.18 0.08 0.28 0.72 4.27 
Co 2.52 44.27 0.41 0.91 0.75 0.16 6.17 1.16 0.51 1.25 
Cr 6.6 3.4 3.7 3.1 12.3 2.9 1.6 4.2 1.8 1.3 
Ni 28.34 65.07 5.54 20.97 8.17 1.09 11.70 2.70 2.09 1.05 
Sc 0.28 0.87 0.06 0.83 0.12 0.17 0.23 0.76 0.36 0.07 
La 4.76 8.89 0.63 1.03 0.97 0.30 0.25 0.79 0.46 3.29 
Ce 9.99 19.79 1.08 1.37 1.69 0.44 0.34 1.39 0.65 8.80 
Pr 1.49 2.59 0.13 0.20 0.22 0.05 0.03 0.15 0.07 1.01 
Nd 7.52 10.85 0.61 0.89 1.09 0.25 0.13 0.60 0.29 4.43 
Sm 1.41 2.25 0.19 0.16 0.29 0.05 0.04 0.15 0.07 0.78 
Eu 0.29 0.38 0.05 0.04 0.07 0.01 0.01 0.07 0.02 0.13 
Gd 0.95 2.31 0.21 0.13 0.30 0.04 0.02 0.10 0.09 0.89 
Tb 0.09 0.31 0.04 0.01 0.03 0.01 0.00 0.01 0.02 0.11 
Dy 0.40 1.72 0.18 0.06 0.18 0.03 0.02 0.06 0.10 0.62 
Ho 0.08 0.35 0.04 0.01 0.03 0.01 0.00 0.01 0.02 0.13 
Er 0.22 1.00 0.11 0.03 0.10 0.02 0.01 0.03 0.06 0.34 
Tm 0.03 0.15 0.02 0.01 0.01 0.00 0.00 0.00 0.01 0.05 
Yb 0.21 0.89 0.10 0.03 0.09 0.02 0.01 0.02 0.06 0.33 
Lu 0.03 0.13 0.02 0.01 0.01 0.00 0.00 0.00 0.01 0.05 
CS 0.12 0.01 0.01 BD BD 0.01 0.02 0.12 0.01 0.00 
Ga 0.40 0.41 0.19 0.21 0.30 0.15 0.20 0.82 0.39 0.21 
V 3.34 1.49 1.52 4.65 2.27 1.15 0.90 2.80 0.58 0.09 
Cu 3.04 13.20 0.00 0.32 0.30 2.12 1.92 2.92 2.24 3.12 
Zn 19.05 27.67 0.00 0.04 1.74 6.17 13.19 6.33 6.59 3.71 




Appendix 3. Table 10 continued. Trace element geochemical data of chert samples of the Tomka 
Formation. (ICP-MS data) in ppm. 
Sample DM102B DM23 DM104 DM47J DM16A DM17 DM101B DM101C DM105 
Li 0.36 0.70 0.18 3.23 0.66 0.48 0.66 0.64 0.80 
Rb 9.22 17.02 0.05 15.65 9.56 9.42 0.13 0.12 26.03 
Sr 1.83 6.31 0.12 0.81 1.95 0.85 1.57 6.93 8.54 
Ba 94.46 33.20 0.73 65.65 34.52 101.61 2.97 3.45 84.54 
Zr 3.67 30.26 0.74 4.18 14.61 15.37 8.16 18.88 53.08 
Hf 0.08 0.86 0.01 0.11 0.41 0.45 0.27 0.49 1.34 
U 0.06 0.22 0.10 0.05 0.14 0.17 0.02 0.08 0.15 
Th 0.02 0.92 0.02 0.06 0.06 0.06 0.09 0.10 0.46 
Pb 2.08 2.13 0.36 0.60 0.83 0.41 0.61 0.31 0.70 
Y 0.26 1.29 0.05 0.35 1.00 3.07 3.64 4.97 5.08 
Co 19.65 1.08 2.72 0.48 32.35 4.10 73.18 20.81 67.41 
Cr 219 20 2.8 123 559 465 1115 1062 1510 
Ni 88.9 5.6 21.2 1.9 114.0 20.7 468.0 177.6 231.8 
Sc 3.80 1.79 0.00 6.90 7.45 3.27 9.16 6.80 24.69 
La 0.14 15.49 0.04 1.05 0.48 1.38 0.97 0.79 4.94 
Ce 0.22 34.99 0.07 1.52 1.13 2.63 2.30 1.97 14.54 
Pr 0.03 4.83 0.01 0.16 0.18 0.39 0.38 0.34 2.18 
Nd 0.11 22.64 0.02 0.62 0.97 1.93 2.05 2.21 9.74 
Sm 0.08 3.36 0.01 0.17 0.30 0.40 0.63 1.07 2.18 
Eu 0.05 0.41 0.00 0.06 0.10 0.12 0.18 0.27 0.57 
Gd 0.03 1.74 0.01 0.12 0.25 0.30 0.65 1.00 1.93 
Tb 0.01 0.13 0.00 0.02 0.04 0.05 0.10 0.14 0.27 
Dy 0.03 0.43 0.01 0.09 0.20 0.40 0.55 0.72 1.30 
Ho 0.01 0.06 0.00 0.02 0.04 0.10 0.10 0.14 0.21 
Er 0.02 0.12 0.00 0.04 0.09 0.31 0.27 0.35 0.48 
Tm 0.00 0.02 0.00 0.01 0.01 0.06 0.03 0.06 0.05 
Yb 0.02 0.14 0.01 0.04 0.08 0.38 0.22 0.36 0.26 
Lu 0.01 0.02 0.00 0.01 0.01 0.06 0.04 0.05 0.04 
CS 0.11 0.16 0.01 0.42 0.14 0.06 0.04 0.02 0.31 
Ga 1.30 4.15 0.09 1.73 1.97 2.10 3.55 4.24 6.60 
V 27.18 12.66 0.38 34.36 54.49 35.84 80.42 66.58 170.19 
Cu 6.92 3.28 0.78 6.85 37.55 4.74 24.10 3.30 282.42 
Zn 3.82 7.12 10.99 4.69 21.07 7.82 12.80 9.27 28.33 






Appendix 3. Table 11. Major element data (XRF) in wt. % of the Kalisagar Formation cherts. Note: BBWC (Banded black- and white chert), Laminated black 
chert (LBC), Green chert (GC), Vein chert (VC). 
Type LBC VC VC VC BBWC BBWC BBWC BBWC LBC LBC LBC LBC LBC LBC LBC LBC 
Sample DM75A DM62 DM77A DM59 DM53B DM57B DM61A DM56 DM46B DM24C DM72 (a) DM54B DM75D DM84B DM84D DM73A 
SiO2 98.6 99.3 85.1 96.7 96.2 96.6 99.2 99.2 83.9 97.0 99.4 94.9 96.4 93.9 94.9 96.9 
TiO2 BD BD BD BD 0.494 BD BD BD 0.07 BD BD 0.07 BD BD 0.05 BD 
Al2O3 0.166 0.24 0.12 0.25 1.54 1.76 BD 0.25 1.80 0.73 0.35 2.41 0.58 0.80 1.95 1.25 
Fe2O3 BD 0.054 1.08 0.32 0.196 0.304 0.06 BD 1.77 0.23 0.10 0.47 0.57 0.60 0.23 0.09 
MnO BD BD 0.21 BD BD BD BD BD 0.22 BD BD BD 0.05 0.06 BD BD 
MgO BD BD 2.24 0.29 0.10 0.31 BD BD 1.69 BD BD 0.39 0.21 0.43 BD BD 
CaO BD BD 4.0 0.61 BD BD BD BD 3.26 0.06 BD BD 0.38 1.06 0.15 BD 
Na2O BD BD BD BD BD BD BD BD BD BD BD BD BD BD 0.86 BD 
K2O 0.05 0.07 BD 0.07 0.36 0.31 BD 0.06 0.29 0.26 0.09 0.67 0.12 0.23 0.11 0.37 
P2O5 BD BD BD BD BD BD BD BD BD BD BD BD BD BD BD BD 
SO3 BD BD BD BD BD BD BD BD 0.41 BD BD BD BD BD BD BD 
NiO BD BD BD BD BD BD BD BD BD BD BD BD BD BD BD BD 
Cr2O3 BD BD BD BD 0.088 BD BD BD BD BD BD BD BD BD BD BD 
SUM oxide 98.8 99.6 92.8 98.2 99.0 99.3 99.2 99.5 98.3 98.2 100.0 98.9 98.3 97.1 98.2 98.6 
LOI 0.9 0.3 6.37 1.03 0.53 0.46 0.1 0.28 4.87 1.35 1.08 0.58 1.08 1.67 1.13 0.89 







Appendix 3. Table 11 (continued). Major element data (XRF) in wt. % of the Kalisagar Formation cherts. Note: BBWC (Banded black- and white chert), 
Laminated black chert (LBC), Green chert (GC), Massive black chert (MBC), Vein chert (VC). 
Type LBC LBC MBC MBC VC LBC GC GC GC GC 
Sample DM83 DM42A Average DM18/2 Average DM67 DM77D DM78 DM13B DM13A DM24B DM42B 
SiO2 97.0 98.1 93.7 98.2 98.0 96.6 93.1 97.2 87.2 96.2 
TiO2 BD 0.07 BD 0.07 BD 0.37 0.13 BD 0.20 0.40 
Al2O3 0.95 0.55 0.08 0.80 0.42 1.41 3.78 1.66 1.85 1.60 
Fe2O3 0.06 0.13 0.40 0.07 0.11 0.21 0.45 0.13 0.96 0.22 
MnO BD BD 0.07 BD BD BD BD BD 0.153 BD 
MgO BD BD 0.76 BD BD 0.183 0.55 BD 1.294 0.057 
CaO BD BD 1.41 0.07 BD BD 0.11 0.15 2.85 0.13 
Na2O 0.45 BD BD BD BD BD 0.47 0.32 BD BD 
K2O BD 0.11 BD 0.18 0.12 0.33 0.84 0.36 0.66 0.45 
P2O5 BD BD BD BD BD BD BD BD BD BD 
SO3 BD BD BD BD BD BD BD BD BD BD 
NiO BD BD BD BD BD BD BD BD BD BD 
Cr2O3 BD BD BD BD BD 0.07 BD 0.07 0.09 0.09 
SUM oxide 98.5 98.9 96.5 99.4 98.7 99.1 99.4 99.9 95.3 99.2 
LOI 0.73 1 2.76 0.25 0.46 0.38 0.62 0.26 4.05 0.35 




Appendix 3. Table 12. Trace element geochemical data of chert samples of the Kalisagar Formation. 
(ICP-MS data) in ppm. 
Trace Element DM75A DM62 DM77A DM59 DM56 DM46B DM24C DM72 (a) DM54B DM75D 
Li 0.11 0.15 0.50 1.08 0.11 2.66 1.76 0.38 6.09 1.80 
Rb 1.17 1.20 0.22 1.44 1.05 6.79 4.16 1.88 13.63 3.50 
Sr 0.87 0.25 8.95 3.77 0.33 12.68 1.11 0.84 2.81 2.68 
Ba 1.54 1.90 0.98 3.02 3.78 12.93 14.52 3.12 386.35 5.59 
Zr 1.65 1.13 0.78 1.84 2.76 6.38 5.79 4.37 15.96 10.92 
Hf 0.04 0.04 0.02 0.05 0.05 0.17 0.19 0.11 0.41 0.19 
Nb 0.07 0.04 0.05 0.08 0.11 0.26 0.30 0.17 0.80 0.28 
U 0.10 0.04 0.03 0.04 0.12 0.06 0.09 0.07 0.14 0.15 
Th 0.07 0.04 0.06 0.13 0.11 0.16 0.42 0.27 0.52 0.18 
Pb 0.48 0.14 0.21 7.16 0.04 1.51 9.00 2.77 0.52 4.72 
Y 0.28 0.12 1.41 0.39 0.16 1.38 0.51 0.58 1.06 2.22 
Co 23.24 5.66 23.94 12.86 0.37 36.21 12.54 0.59 2.34 6.60 
Cr 2.12 10.44 5.73 9.44 5.02 210.99 4.90 15.03 8.29 10.03 
Ni 58.2 109.9 168.3 83.7 1.7 132.6 47.6 7.0 4.9 44.1 
Sc 0.00 0.20 0.41 0.56 0.25 4.10 0.22 0.42 2.09 0.48 
La 0.27 0.06 0.59 0.59 0.30 0.83 1.35 2.27 1.59 1.38 
Ce 0.12 0.14 1.26 1.29 0.57 1.31 2.49 3.85 3.44 2.50 
Pr 0.07 0.02 0.16 0.16 0.07 0.16 0.27 0.46 0.41 0.33 
Nd 0.28 0.08 0.70 0.69 0.23 0.71 1.11 1.80 1.67 1.28 
Sm 0.06 0.02 0.17 0.13 0.05 0.18 0.20 0.36 0.65 0.26 
Eu 0.02 0.01 0.06 0.05 0.01 0.07 0.07 0.09 0.28 0.12 
Gd 0.06 0.02 0.20 0.12 0.05 0.22 0.18 0.33 0.31 0.32 
Tb 0.01 0.00 0.03 0.01 0.01 0.03 0.02 0.03 0.04 0.05 
Dy 0.05 0.01 0.20 0.07 0.04 0.22 0.12 0.15 0.21 0.29 
Ho 0.01 0.00 0.04 0.01 0.01 0.05 0.02 0.02 0.04 0.07 
Er 0.03 0.01 0.11 0.03 0.02 0.13 0.06 0.07 0.11 0.20 
Tm 0.00 0.00 0.01 0.01 0.00 0.02 0.01 0.01 0.01 0.03 
Yb 0.03 0.01 0.10 0.03 0.01 0.17 0.05 0.06 0.09 0.21 
Lu 0.00 0.00 0.01 0.01 0.00 0.03 0.01 0.01 0.01 0.04 
CS 0.03 0.02 0.01 0.04 0.04 0.09 0.05 0.02 0.66 0.06 
Ga 0.14 0.17 0.20 0.29 0.35 1.54 0.97 0.47 2.61 0.64 
V 1.47 3.82 2.65 2.72 1.16 23.03 3.34 4.65 9.92 3.12 
Cu 14.05 7.75 16.81 36.14 1.34 139.66 44.57 11.76 1.17 7.20 
Zn 77.43 0.00 9.68 17.66 0.88 827.23 136.04 31.05 7.01 72.52 





Appendix 3. Table 12 (continued). Trace element geochemical data of chert samples of the Kalisagar 
Formation. (ICP-MS data) in ppm.  
Sample DM84B DM84D DM73A DM83 DM42A Average DM18/2 Average DM67 DM77D DM78 DM13B DM13A DM24B DM42B 
Li 1.46 1.04 0.60 0.72 0.15 0.53 0.16 0.17 2.85 6.79 1.28 4.28 0.83 
Rb 5.30 2.39 10.60 0.22 3.07 0.15 6.05 2.67 8.03 19.92 9.81 18.29 16.73 
Sr 4.74 12.42 6.60 1.28 2.69 2.96 9.30 5.11 3.35 5.79 5.87 7.37 5.17 
Ba 3.41 4.41 11.03 2.02 4.28 1.29 11.99 12.08 20.67 66.61 127.83 8.87 14.01 
Zr 6.63 22.20 11.24 5.72 5.68 0.96 4.45 3.38 22.90 29.04 6.24 13.72 19.27 
Hf 0.17 0.57 0.31 0.15 0.17 0.03 0.19 0.11 0.57 0.86 0.16 0.37 0.52 
Nb 0.24 0.57 0.61 0.31 0.31 0.03 0.43 2.25 1.10 1.92 0.26 0.43 1.34 
U 0.09 0.24 0.16 0.18 0.08 0.02 0.16 0.07 0.12 0.36 0.08 0.05 0.07 
Th 0.26 0.56 0.53 0.19 0.22 0.12 0.19 0.18 0.15 1.53 0.21 0.24 0.24 
Pb 0.57 4.11 6.52 0.39 0.92 0.46 0.47 1.51 0.64 0.74 0.45 0.99 1.51 
Y 1.16 1.62 11.87 0.32 0.48 0.29 0.27 0.83 0.94 0.95 0.48 1.21 1.38 
Co 18.07 8.86 0.39 1.49 3.84 13.50 20.32 0.56 5.88 2.24 17.63 26.53 45.39 
Cr 35.58 25.02 25.33 18.57 117.39 6.37 18.13 73.98 386.86 14.08 358.86 559.57 474.75 
Ni 138.89 119.52 3.18 38.99 9.69 50.90 86.85 4.09 18.02 21.34 67.09 240.28 180.89 
Sc 0.74 2.07 0.56 0.24 0.74 0.64 1.00 0.77 7.69 2.00 1.78 6.00 5.32 
La 1.35 3.57 24.87 0.59 1.09 1.58 0.54 11.70 1.06 2.36 0.64 0.88 5.12 
Ce 3.19 7.67 4.23 1.34 2.12 1.91 1.15 4.37 2.92 3.66 1.08 2.22 11.82 
Pr 0.42 0.90 5.13 0.17 0.24 0.19 0.14 2.55 0.42 0.43 0.12 0.33 1.67 
Nd 1.78 3.40 18.60 0.57 1.02 0.78 0.54 8.31 1.77 1.71 0.45 1.58 7.33 
Sm 0.40 0.62 3.36 0.08 0.21 0.12 0.12 1.25 0.44 0.33 0.15 0.40 1.31 
Eu 0.10 0.17 0.87 0.02 0.06 0.03 0.04 0.25 0.09 0.11 0.08 0.07 0.31 
Gd 0.39 0.57 3.12 0.08 0.19 0.11 0.10 0.76 0.36 0.32 0.09 0.39 0.92 
Tb 0.05 0.10 0.46 0.01 0.02 0.01 0.01 0.09 0.05 0.04 0.01 0.06 0.09 
Dy 0.27 0.34 2.28 0.05 0.12 0.06 0.06 0.33 0.28 0.20 0.08 0.33 0.40 
Ho 0.05 0.06 0.43 0.01 0.02 0.01 0.01 0.05 0.05 0.03 0.02 0.05 0.07 
Er 0.14 0.17 1.12 0.03 0.06 0.03 0.03 0.13 0.12 0.09 0.05 0.13 0.18 
Tm 0.02 0.02 0.15 0.00 0.01 0.01 0.00 0.02 0.02 0.01 0.01 0.02 0.02 
Yb 0.16 0.15 0.88 0.02 0.06 0.03 0.03 0.10 0.10 0.07 0.06 0.10 0.14 
Lu 0.03 0.02 0.13 0.00 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.02 
CS 0.06 0.05 0.12 0.03 0.06 0.01 0.15 0.05 0.23 0.12 0.08 0.20 0.32 
Ga 0.79 1.26 1.46 0.74 0.91 0.12 0.71 0.63 3.03 3.50 1.88 2.39 3.93 
V 6.24 7.14 5.78 5.67 13.43 2.04 16.12 8.21 60.54 23.23 18.98 42.15 58.37 
Cu 55.59 17.96 17.49 1.31 20.03 29.54 3.60 5.40 19.39 5.26 9.44 37.95 85.89 
Zn 434.32 251.36 64.70 2.71 7.51 4.15 149.66 8.70 17.04 16.89 139.38 24.40 27.56 






Appendix 3. Table 13. Major element data (XRF) in wt. % of the Sindurimundi and Talpada Formation 
cherts. Note: BD refers to below detection limit. Laminated black chert (LBC), Vein chert (VC). 
 
 
Type LBC LBC LBC LBC LBC VC VC VC VC LBC LBC LBC LBC 
Sample DM47D/3 DM36 DM47D/2 DM98 DM96 DM68 DM47E DM81D DM67 DM71B DM71C DM81E DM8B 
SiO2 91.5 91.6 90.9 99.6 98.2 98.9 98.2 99.1 98.2 77.6 82.0 90.6 94.1 
TiO2 0.1 0.1 0.2 BD BD BD BD BD 0.1 0.2 0.2 0.2 0.1 
Al2O3 4.8 4.2 4.5 0.5 0.7 0.6 0.6 0.3 0.8 5.0 5.7 4.5 3.1 
Fe2O3 0.1 1.0 0.1 0.1 0.3 0.1 0.1 BD 0.1 3.7 4.5 0.1 0.1 
MnO BD BD BD BD BD BD BD BD BD BD BD BD BD 
MgO 0.18 1.10 BD BD 0.18 BD 0.09 BD BD 2.34 2.81 0.11 0.12 
CaO BD 0.12 0.11 0.07 0.00 BD BD BD 0.07 3.99 1.11 0.12 0.23 
Na2O BD 1.751 0.395 BD BD BD BD BD BD 0.932 0.888 BD BD 
K2O 1.64 BD 2.45 0.17 0.17 0.19 0.15 0.08 0.18 BD BD 3.07 0.88 
P2O5 BD BD BD BD BD BD BD BD BD BD BD BD BD 
SO3 BD BD BD BD BD BD BD BD BD BD BD BD BD 
NiO BD BD BD BD BD BD BD BD BD BD BD BD BD 
Cr2O3 BD BD BD BD BD BD BD BD BD BD BD BD BD 
SUM oxide 98.4 99.8 98.6 100.4 99.5 99.8 99.2 99.4 99.4 93.7 97.1 98.7 98.7 
LOI 0.7 0.9 0.5 0.1 1.0 0.2 0.3 0.2 0.3 4.9 2.6 0.6 0.9 
Total 99.1 100.7 99.1 100.3 100.5 99.9 99.5 99.6 99.7 98.6 99.7 99.2 99.6 
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Appendix 3. Table 14. Trace element geochemical data of chert samples of the Sindurimundi and 
Talpada formations (ICP-MS data) in ppm. 
Sample DM47D/3 DM88 DM36 DM47D/2 DM98 DM96 DM47E DM81D DM67 DM71B DM71C DM81E DM8B 
Li 2.93 1.95 8.34 1.42 0.61 2.00 1.43 0.17 0.16 36.62 46.32 1.75 0.61 
Rb 25.50 26.11 0.40 23.88 2.74 3.81 2.81 1.41 6.05 0.38 0.22 29.20 17.06 
Sr 2.25 2.27 3.55 5.70 0.89 1.18 0.85 0.97 9.30 95.85 27.54 3.33 16.05 
Ba 146.10 24.82 5.51 183.63 10.52 7.69 80.27 18.14 11.99 3.73 2.56 238.51 360.18 
Zr 44.65 86.96 24.62 41.46 9.60 4.74 5.37 1.07 4.45 41.19 46.87 41.79 24.83 
Hf 1.37 2.10 0.67 1.09 0.13 0.12 0.11 0.03 0.19 1.11 1.19 1.15 0.76 
Nb 3.10 4.32 1.17 2.67 0.24 0.22 0.18 0.07 0.43 3.45 3.67 2.82 1.97 
U 0.83 0.28 0.23 0.50 0.14 0.08 0.06 0.06 0.16 0.54 0.66 0.70 0.35 
Th 3.48 1.20 1.37 1.81 0.20 0.23 0.11 0.07 0.19 1.80 2.07 1.87 1.34 
Pb 1.43 0.47 0.79 6.30 5.78 0.39 0.81 0.64 0.47 12.08 3.32 4.49 2.27 
Y 4.65 14.04 1.11 3.15 0.44 2.44 0.48 0.18 0.27 4.66 3.77 2.94 1.60 
Co 0.82 1.13 1.90 3.21 4.61 11.11 3.21 1.00 20.32 14.94 19.17 4.23 6.82 
Cr 10.66 5.65 21.39 16.02 5.23 85.87 14.73 16.81 18.13 18.50 17.53 17.73 10.59 
Ni 3.93 8.51 13.35 9.35 11.06 30.98 7.35 3.44 86.85 79.16 73.53 20.45 17.90 
Sc 3.98 3.04 5.19 2.36 0.70 1.20 1.80 0.34 1.00 1.80 2.14 2.03 1.38 
La 14.24 8.73 3.85 7.35 0.36 6.16 0.77 2.42 0.54 4.12 4.76 5.31 4.49 
Ce 27.86 17.66 6.89 13.34 0.73 15.78 1.35 4.65 1.15 8.57 9.23 9.89 8.04 
Pr 3.09 2.35 0.71 1.37 0.09 2.23 0.14 0.56 0.14 1.02 1.04 1.08 0.87 
Nd 11.02 10.06 2.58 5.41 0.31 9.11 0.58 2.08 0.54 3.75 3.83 3.98 3.37 
Sm 2.06 2.24 0.41 1.10 0.08 1.30 0.18 0.23 0.12 0.81 0.73 0.91 0.81 
Eu 0.59 0.52 0.12 0.36 0.03 0.14 0.08 0.04 0.04 0.18 0.19 0.35 0.32 
Gd 1.94 2.20 0.46 1.01 0.09 0.93 0.13 0.17 0.10 0.93 0.81 0.79 0.60 
Tb 0.24 0.33 0.05 0.14 0.01 0.13 0.02 0.01 0.01 0.14 0.12 0.12 0.07 
Dy 1.18 2.08 0.29 0.74 0.08 0.40 0.10 0.05 0.06 0.79 0.67 0.60 0.37 
Ho 0.21 0.48 0.05 0.14 0.01 0.07 0.02 0.01 0.01 0.16 0.14 0.11 0.07 
Er 0.53 1.43 0.13 0.36 0.04 0.20 0.05 0.02 0.03 0.44 0.40 0.31 0.19 
Tm 0.07 0.23 0.02 0.05 0.01 0.03 0.01 0.00 0.00 0.07 0.06 0.04 0.03 
Yb 0.38 1.65 0.12 0.37 0.04 0.18 0.05 0.02 0.03 0.42 0.37 0.27 0.19 
Lu 0.05 0.26 0.02 0.05 0.01 0.03 0.01 0.00 0.00 0.06 0.05 0.04 0.03 
CS 0.68 0.58 0.04 0.30 0.04 0.12 0.11 0.07 0.15 0.04 0.04 0.55 0.51 
Ga 6.05 5.68 3.97 4.01 0.71 1.29 0.74 0.28 0.71 5.67 7.92 3.46 3.04 
V 20.88 1.18 24.27 15.74 2.70 9.07 4.13 3.76 16.12 18.04 18.01 15.57 11.76 
Cu 3.27 2.48 3.08 5.95 21.32 2.72 11.84 0.00 3.60 9.22 15.61 14.08 18.29 
Zn 3.98 10.31 22.88 10.51 19.71 1.64 8.66 7.05 149.66 50.15 53.44 17.95 10.60 







Appendix 4. Table 1. Results of LA-MC-ICP-MS U-Pb isotope analyses of silicified sandstone (DM 10/2), Daitari Greenstone Belt, India. Note excessively 
discordant grains shown in light grey background were not considered for U-Pb concordia plot. 









DM 10-2 1ST ROW-01 196 145.8 17884 0.30711 0.00135 28.82244 0.63119 0.68068 0.0146 0.98 0.74812 0.15116 -5.82 3506 6 3447 21 3347 56 
DM 10-2 1ST ROW-02 136 92.8 12634 0.30556 0.00142 29.54708 0.6522 0.70132 0.01513 0.978 0.69003 0.1343 -2.69 3499 7 3472 22 3426 57 
DM 10-2 1ST ROW-03 157 133.8 13976 0.30484 0.00152 29.12722 0.67312 0.69299 0.01564 0.977 0.85984 0.19024 -3.71 3495 8 3458 23 3394 60 
DM 10-2 1ST ROW-04 142 95.4 3563 0.29954 0.00177 25.92684 2.12339 0.62776 0.05128 0.997 0.67736 0.13608 -11.89 3468 10 3344 80 3141 203 
DM 10-2 1ST ROW-05 172 96.7 13978 0.30622 0.00161 29.04892 0.71469 0.68802 0.01654 0.977 0.56557 0.11178 -4.65 3502 8 3455 24 3375 63 
DM 10-2 1ST ROW-06 137 90.6 10923 0.30531 0.00175 28.78643 0.76469 0.68384 0.01774 0.976 0.6673 0.1312 -5.07 3497 9 3446 26 3359 68 
DM 10-2 1ST ROW-07 555 747.5 3611 0.22103 0.00234 9.10407 0.65578 0.29873 0.02128 0.989 1.35585 0.28482 -49.34 2988 17 2349 66 1685 106 
DM 10-2 1ST ROW-08 161 102.6 17526 0.30666 0.00188 30.97408 0.87794 0.73255 0.02027 0.976 0.64243 0.13117 1.44 3504 9 3518 28 3543 75 
DM 10-2 1ST ROW-09 103 57.6 10853 0.30521 0.00193 31.50195 0.96618 0.74858 0.02247 0.978 0.56266 0.10963 3.94 3497 10 3535 30 3602 83 
DM 10-2 1ST ROW-10 129 70 7432 0.30564 0.00198 31.36359 0.93794 0.74423 0.02173 0.976 0.54626 0.10705 3.25 3499 10 3531 29 3586 80 
DM 10-2 1ST ROW-17 123 52.5 44290 0.30567 0.00061 28.35623 0.38306 0.67282 0.00899 0.989 0.42995 0.06522 -6.66 3499 3 3431 13 3317 35 
DM 10-2 1ST ROW-18 55 25.4 3574 0.30462 0.00068 29.2401 0.40283 0.69617 0.00946 0.987 0.4658 0.07116 -3.23 3494 3 3462 14 3406 36 
DM 10-2 1ST ROW-19 152 64.5 46714 0.30632 0.00073 30.09664 0.60515 0.71259 0.01423 0.993 0.42816 0.06435 -1.27 3502 4 3490 20 3468 54 
DM 10-2 2ND ROW-01 239 191.4 76183 0.30805 0.00067 30.49315 0.41305 0.71793 0.0096 0.987 0.80805 0.13763 -0.84 3511 3 3503 13 3488 36 
DM 10-2 2ND ROW-02 119 67.5 16771 0.30543 0.00082 31.35763 0.50572 0.74462 0.01184 0.986 0.56919 0.09142 3.35 3498 4 3530 16 3588 44 
DM 10-2 2ND ROW-08 171 113.3 71486 0.30676 0.0007 30.29717 0.58108 0.71631 0.01364 0.993 0.6683 0.10467 -0.83 3505 3 3496 19 3482 51 
DM10-2 2ND ROW-10 211 126 43144 0.30796 0.00072 30.66117 0.6159 0.72208 0.01441 0.993 0.60049 0.09085 -0.25 3511 4 3508 20 3504 54 
DM10-2 2ND ROW-11 89 51 12709 0.30533 0.00069 29.99609 0.38943 0.71251 0.00911 0.985 0.57799 0.10565 -1.09 3497 3 3487 13 3468 34 
DM10-2 2ND ROW-13 138 67 24712 0.30614 0.00083 31.26568 0.45686 0.7407 0.01064 0.983 0.49031 0.08391 2.66 3502 4 3527 14 3573 39 
DM10-2 2ND ROW-16 125 72.1 9886 0.30627 0.00068 31.1307 0.56059 0.7372 0.01317 0.992 0.58292 0.09377 2.16 3502 3 3523 18 3560 49 
DM10-2 2ND ROW-17 201 106.1 59705 0.3076 0.00072 30.57009 0.43528 0.7208 0.01013 0.987 0.53235 0.08891 -0.36 3509 4 3505 14 3499 38 
DM10-2 3RD ROW-01 195 144.3 40517 0.30772 0.00072 30.39243 0.5187 0.71632 0.01211 0.991 0.74712 0.11882 -1.01 3510 3 3500 17 3482 45 
DM10-2 3RD ROW-03 143 88.6 20825 0.30653 0.00077 29.72547 0.59606 0.70333 0.01399 0.992 0.62412 0.09755 -2.59 3504 4 3478 20 3433 53 
DM10-2 3RD ROW-05 115 57.8 11268 0.30609 0.00074 29.39502 0.36892 0.69649 0.00858 0.981 0.5048 0.0811 -3.45 3501 4 3467 12 3407 33 
DM10-2 3RD ROW-06 167 93.1 38987 0.30733 0.00073 31.3462 0.52133 0.73973 0.01218 0.99 0.56003 0.08109 2.3 3508 4 3530 16 3570 45 
DM10-2 3RD ROW-08 152 132.3 48592 0.30741 0.00089 29.34064 0.59392 0.69223 0.01387 0.99 0.87846 0.13315 -4.28 3508 4 3465 20 3391 53 
DM10-2 3RD ROW-12 80 39.6 13482 0.30535 0.00112 29.96609 0.62646 0.71177 0.01465 0.984 0.50101 0.0717 -1.2 3498 6 3486 21 3465 55 
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DM 10-2 4TH  ROW-04 122 56.4 22398 0.30484 0.00079 30.23967 0.68121 0.71946 0.0161 0.993 0.46547 0.07307 -0.03 3495 4 3495 22 3494 60 
DM 10-2 4TH  ROW-05 60 33.5 6057 0.30279 0.00083 30.03842 0.65159 0.7195 0.01548 0.992 0.56454 0.08433 0.36 3485 4 3488 21 3494 58 
DM 10-2 4TH  ROW-07 57 25.2 15984 0.30449 0.00087 29.04812 0.65077 0.69189 0.01537 0.992 0.44305 0.06713 -3.8 3493 4 3455 22 3390 59 
DM 10-2 4TH  ROW-08 183 115.4 9934 0.30639 0.00076 29.90456 0.45049 0.70789 0.01052 0.986 0.63455 0.10754 -1.93 3503 4 3484 15 3450 40 
DM 10-2 4TH ROW-09 183 122.4 105100 0.30635 0.00078 30.21532 0.50225 0.71532 0.01175 0.988 0.67296 0.11455 -0.89 3503 4 3494 16 3478 44 
DM 10-2 4TH ROW-12 134 57 20583 0.30627 0.0008 30.16835 0.49832 0.7144 0.01165 0.987 0.42753 0.06973 -1.01 3502 4 3492 16 3475 44 
DM 10-2 4TH ROW-15 131 67.5 21535 0.30609 0.0008 30.1895 0.4733 0.71534 0.01106 0.986 0.52017 0.08467 -0.84 3501 4 3493 15 3479 42 
DM 10-2 4TH ROW-16 205 136.1 27466 0.30778 0.0008 29.78028 0.49672 0.70176 0.01156 0.988 0.67038 0.11215 -3.03 3510 4 3480 16 3427 44 
DM 10-2 4TH ROW-19 111 73.5 41412 0.30603 0.00159 29.2892 0.63169 0.69414 0.01453 0.97 0.66934 0.10233 -3.77 3501 8 3463 21 3398 55 
DM 10-2 5TH ROW-02 109 50.4 11349 0.30477 0.00082 28.64322 0.50246 0.68162 0.01181 0.988 0.46549 0.07772 -5.28 3495 4 3441 17 3351 45 
DM 10-2 5TH ROW-03 127 64.6 26867 0.3058 0.00082 30.74168 0.58347 0.7291 0.0137 0.99 0.51067 0.08349 1.12 3500 4 3511 19 3530 51 
DM 10-2 5TH ROW-06 68 31.8 9992 0.30458 0.00083 29.71525 0.61384 0.70757 0.01449 0.991 0.47426 0.06845 -1.64 3494 4 3477 20 3449 55 
DM 10-2 5TH ROW-07 183 123.8 47582 0.30663 0.00087 30.19701 0.59435 0.71425 0.01391 0.99 0.68142 0.10947 -1.09 3504 4 3493 19 3474 52 
DM 10-2 5TH ROW-08 286 245.7 59654 0.30868 0.00106 28.923 0.64455 0.67957 0.01496 0.988 0.86505 0.1262 -6.25 3514 5 3451 22 3343 57 
DM 10-2 5TH ROW-09 117 53.6 21944 0.30598 0.0011 28.88232 0.59643 0.68459 0.01392 0.985 0.46009 0.07124 -5.08 3501 5 3450 20 3362 53 
DM 10-2 5TH ROW -10 128 61.8 68227 0.30625 0.00118 30.08546 0.743 0.71249 0.01738 0.988 0.48501 0.07389 -1.27 3502 6 3490 24 3468 65 
DM 10-2 5TH ROW -12 144 69.5 77882 0.30597 0.00086 29.12203 0.5126 0.69031 0.01199 0.987 0.48494 0.08093 -4.29 3501 4 3458 17 3384 46 
DM 10-2 5TH ROW -14 157 75.7 36284 0.30685 0.00096 28.86732 0.6314 0.68231 0.01477 0.99 0.48529 0.07576 -5.55 3505 5 3449 21 3353 57 
DM 10-2 5TH ROW-19 158 70.4 29135 0.30676 0.00088 29.56509 0.42484 0.699 0.00984 0.98 0.44784 0.07754 -3.23 3505 4 3472 14 3417 37 
DM 10-2 6TH  ROW-01 112 45.8 16117 0.3053 0.00088 29.69351 0.58 0.7054 0.01363 0.989 0.41053 0.06738 -2.07 3497 4 3477 19 3441 52 
DM 10-2 6TH  ROW-02 108 53.3 25688 0.30654 0.0009 29.82935 0.50003 0.70576 0.01165 0.985 0.49835 0.08215 -2.25 3504 5 3481 16 3442 44 
DM 10-2 6TH  ROW-03 80 36.8 27961 0.30492 0.0009 29.69904 0.50112 0.70641 0.01173 0.984 0.46465 0.08186 -1.86 3495 5 3477 17 3445 44 
DM 10-2 6TH  ROW-04 242 209.7 37564 0.30809 0.00091 29.67582 0.53153 0.69859 0.01234 0.986 0.87242 0.14391 -3.52 3511 5 3476 18 3415 47 
DM 10-2 6TH  ROW-06 69 30 6060 0.3056 0.00096 29.34802 0.56594 0.6965 0.01325 0.987 0.43971 0.07451 -3.36 3499 5 3465 19 3407 50 




Appendix 4. Table 2. Results of LA-MC-ICP-MS Lu-Hf isotope analyses of silicified sandstone (DM 10/2), Daitari Greenstone Belt, India.  
Sample  176Hf/177Hf 1 176Lu/177Hf 1 176Yb/177Hf 1 Age (Ma) 1 ɛHf(t) 
DM 10-2 1ST ROW-02 0.280571 0.000010 0.000964 0.000006 0.033009 0.000474 3510000000 0.28050522 -0.15 
DM 10-2 1ST ROW-08 0.280622 0.000009 0.001399 0.000012 0.051953 0.000304 3510000000 0.28052712 0.63 
DM 10-2 2ND ROW-01 0.280609 0.000016 0.001917 0.000013 0.068865 0.000422 3510000000 0.28047920 -1.08 
DM 10-2 2ND ROW-08 0.280668 0.000010 0.001841 0.000005 0.069319 0.000293 3510000000 0.28054363 1.22 
DM10-2 2ND ROW-10 0.280657 0.000012 0.001743 0.000007 0.063407 0.000305 3510000000 0.28053895 1.05 
DM10-2 2ND ROW-11 0.280596 0.000011 0.001095 0.000010 0.040375 0.000240 3510000000 0.28052164 0.44 
DM10-2 2ND ROW-16 0.280597 0.000008 0.000986 0.000009 0.035341 0.000175 3510000000 0.28053050 0.75 
DM10-2 2ND ROW-17 0.280654 0.000015 0.001467 0.000007 0.053130 0.000184 3510000000 0.28055433 1.60 
DM10-2 3RD ROW-01 0.280622 0.000016 0.001478 0.000033 0.053526 0.001500 3510000000 0.28052152 0.43 






Appendix 4. Table 3. Results of LA-MC-ICP-MS U-Pb isotope analyses of silicified sandstone (DM 47D-3), Daitari Greenstone Belt, India. Note: Xenocrystic 
grains shown in dark grey background. Otherwise, excessively discordant grains shown in light grey background were not considered for U-Pb concordia plot. 









DM 47D-3 1ST ROW-01 253 186 13084 0.30854 0.00031 31.07982 0.35659 0.73058 0.00835 0.996 0.73924 0.09083 0.81 3514 1 3522 11 3536 31 
DM 47D-3 1ST ROW-02 154 108.3 24183 0.30532 0.00043 30.58322 0.22094 0.72648 0.00515 0.981 0.7085 0.05717 0.85 3497 2 3506 7 3520 19 
DM 47D-3 1ST ROW-03 85 46.9 6157 0.29798 0.00054 29.89409 0.27628 0.72762 0.00659 0.981 0.55527 0.06784 2.43 3460 3 3483 9 3525 25 
DM 47D-3 1ST ROW-04 232 183.1 25931 0.30562 0.00033 29.80567 0.26462 0.70731 0.00623 0.992 0.79545 0.06517 -1.87 3499 2 3480 9 3448 24 
DM 47D-3-1ST ROW-06 262 231.9 15018 0.30776 0.00124 30.27618 0.4977 0.7135 0.01137 0.969 0.89133 0.16112 -1.4 3510 6 3496 16 3472 43 
DM 47D-3-1ST ROW-07 258 166.8 33094 0.3091 0.00123 29.66859 0.38069 0.69613 0.00849 0.951 0.652 0.10498 -4.04 3516 6 3476 13 3406 32 
DM 47D-3-1ST ROW-08 242 174.1 15648 0.31073 0.00144 32.49457 0.59288 0.75844 0.01339 0.967 0.72338 0.11636 4.24 3525 7 3565 18 3639 49 
DM 47D-3-1ST ROW-09 265 242.9 1322 0.3073 0.00134 26.3535 0.3603 0.62197 0.00806 0.948 0.92434 0.16092 -13.98 3507 6 3360 13 3118 32 
DM 47D-3-1ST ROW-10 96 62.8 10657 0.30333 0.00124 31.33331 0.47841 0.74919 0.01102 0.963 0.6583 0.10887 4.39 3487 6 3530 15 3605 41 
DM 47D-3-1ST ROW-12 214 158.6 12371 0.30849 0.00125 31.51106 0.53521 0.74083 0.01222 0.971 0.74464 0.12067 2.24 3513 6 3535 17 3574 45 
DM 47D-3-1ST ROW-15 216 171.8 29777 0.30859 0.00128 30.09363 0.46764 0.70728 0.01059 0.964 0.80148 0.13191 -2.41 3514 6 3490 15 3448 40 
DM 47 D-3 1ST ROW-16 237 210.8 5213 0.31035 0.00129 29.93708 0.40206 0.69961 0.00893 0.951 0.89644 0.15117 -3.78 3523 6 3485 13 3419 34 
DM 47 D-3 1ST ROW-16_Core? 237 210.8 5213 0.30818 0.00128 29.69629 0.39897 0.69886 0.00893 0.951 0.89644 0.15117 -3.5 3512 6 3477 13 3416 34 
DM 47 D-3 1ST ROW-17 242 188.3 17782 0.30881 0.00133 31.8129 0.53792 0.74717 0.01222 0.967 0.7851 0.13613 3.05 3515 7 3545 17 3597 45 
DM 47 D 3 2ND ROW-03 140 104.9 17939 0.3046 0.00071 29.40451 0.38717 0.70014 0.00907 0.984 0.75283 0.10485 -2.68 3494 4 3467 13 3421 34 
DM 47 D 3 2ND ROW-05 102 77.1 12953 0.3044 0.00081 31.05546 0.49368 0.73993 0.0116 0.986 0.75952 0.10279 2.89 3493 4 3521 16 3570 43 
DM 47 D-3-2ND ROW-06 147 166.9 17352 0.30559 0.00086 30.6263 0.54271 0.72686 0.01272 0.987 1.14489 0.15833 0.85 3499 4 3507 17 3522 47 
DM 47 D-3 2ND  ROW-07 164 123.4 15638 0.30663 0.0007 30.10573 0.56932 0.71208 0.01337 0.993 0.75655 0.10424 -1.39 3504 4 3490 19 3466 50 
DM 47 D-3 2ND  ROW-08 140 127.5 42392 0.30468 0.00071 29.86838 0.51243 0.711 0.01209 0.991 0.91555 0.10532 -1.18 3494 4 3482 17 3462 46 
DM 47 D-3 2ND  ROW-10 120 89.8 28933 0.30493 0.00078 30.27903 0.60023 0.72018 0.01416 0.992 0.7557 0.0948 0.05 3495 4 3496 19 3497 53 
DM 47 D-3 2ND  ROW-12 182 204.5 27713 0.30624 0.00089 29.71791 0.4767 0.7038 0.0111 0.984 1.13107 0.15386 -2.47 3502 4 3478 16 3435 42 
DM 47 D-3 2ND  ROW-17 159 156.4 12243 0.30291 0.00084 30.55381 0.5689 0.73156 0.01347 0.989 0.989 0.17118 2.02 3485 4 3505 18 3539 50 
DM 47 D-3 2ND  ROW-18 139 122.9 21466 0.30549 0.00079 31.19467 0.63131 0.7406 0.01486 0.992 0.89138 0.1144 2.78 3498 4 3525 20 3573 55 
DM 47 D-3 2ND  ROW-19 102 81.2 4680 0.30644 0.00104 34.77451 0.48 0.82303 0.01101 0.969 0.80496 0.13925 14.01 3503 5 3632 14 3871 39 
374 
 









DM 47 D-3 2ND  ROW-19 REPEAT 94 73.9 3208 0.30638 0.00137 34.11374 0.71505 0.80756 0.01654 0.977 0.78999 0.15903 11.88 3503 7 3613 21 3816 59 
DM 47 D-3 2ND  ROW-20 296 395.6 23342 0.30956 0.00065 30.72669 0.62914 0.7199 0.01466 0.995 1.34476 0.16015 -0.85 3519 3 3510 20 3496 55 
DM 47 D-3 3RD  ROW-3 128 146.8 24870 0.30552 0.00084 31.35884 0.54255 0.74442 0.01271 0.987 1.15575 0.16034 3.3 3498 4 3530 17 3587 47 
DM 47D-3 3RD ROW-6 110 66.8 16555 0.30482 0.00054 30.96558 0.46602 0.73677 0.01101 0.993 0.61103 0.09805 2.37 3495 3 3518 15 3559 41 
DM 47D-3 3RD ROW-7 151 98.8 14233 0.30586 0.00054 29.35864 0.43902 0.69616 0.01034 0.993 0.65972 0.10996 -3.46 3500 3 3466 15 3406 39 
DM 47D-3 3RD ROW-9 245 213.1 26562 0.3088 0.00064 31.11453 0.36342 0.73078 0.0084 0.984 0.87719 0.13812 0.79 3515 3 3523 11 3536 31 
DM 47D-3 3RD ROW-10 177 113.8 16377 0.30787 0.00058 30.50579 0.30873 0.71864 0.00715 0.983 0.64711 0.10612 -0.71 3510 3 3503 10 3491 27 
DM 47D-3 3RD ROW-12 154 104.4 9122 0.30576 0.00081 31.01845 0.47379 0.73576 0.01107 0.985 0.6828 0.11809 2.05 3500 4 3520 15 3555 41 
DM 47D-3 3RD ROW-13 168 90.1 48282 0.30695 0.00055 28.42605 0.28217 0.67166 0.00656 0.983 0.54063 0.09155 -7.04 3506 3 3434 10 3312 25 
DM 47D-3 3RD ROW-14 162 105.4 12976 0.30644 0.00055 27.37155 0.27782 0.64783 0.00647 0.984 0.65645 0.09987 -10.26 3503 3 3397 10 3220 25 
DM 47D-3 4TH ROW-3 134 79.4 20030 0.30601 0.00085 31.61359 0.65329 0.74926 0.01534 0.991 0.59526 0.08685 3.88 3501 4 3538 20 3605 57 
DM 47D-3 4TH ROW-5 187 153.7 19593 0.30735 0.00101 31.4575 0.51017 0.74233 0.01179 0.979 0.8285 0.12872 2.66 3508 5 3533 16 3579 44 
DM 47D-3 4TH ROW-6 184 146.8 15483 0.30741 0.00056 30.33991 0.38578 0.71581 0.00901 0.99 0.80154 0.12955 -1.02 3508 3 3498 12 3480 34 
DM 47D-3 4TH ROW-8 183 139.7 11938 0.30715 0.00076 30.69615 0.37644 0.72482 0.00871 0.98 0.76887 0.13344 0.27 3507 4 3509 12 3514 33 
DM 47D-3 4TH ROW-9 200 130.8 20645 0.30819 0.00072 30.34728 0.41103 0.71418 0.00953 0.985 0.65999 0.10692 -1.39 3512 4 3498 13 3474 36 
DM 47D-3 4TH ROW-10 99 57.8 15140 0.30674 0.00058 30.84001 0.4344 0.7292 0.01018 0.991 0.58879 0.09369 0.96 3505 3 3514 14 3530 38 
DM 47D-3 4TH ROW-11 150 100.6 12631 0.30568 0.00057 30.18104 0.45661 0.71608 0.01075 0.992 0.67573 0.11437 -0.66 3499 3 3493 15 3481 40 
DM 47D-3 4TH ROW-13 305 258.5 403447 0.30981 0.00059 30.58628 0.48817 0.71603 0.01135 0.993 0.85267 0.13509 -1.43 3520 3 3506 16 3481 43 
DM 47D-3 4TH ROW-14 105 56.4 5839 0.30396 0.00089 27.11579 0.36454 0.647 0.00849 0.976 0.54306 0.08908 -9.96 3491 4 3388 13 3216 33 
DM 47D-3 5TH ROW-2 157 108.4 22304 0.30323 0.00063 30.38021 0.50222 0.72664 0.01192 0.992 0.69548 0.10307 1.27 3487 3 3499 16 3521 44 
DM 47D-3 5TH ROW-3 132 100.3 11519 0.30716 0.00133 31.31975 0.6436 0.73953 0.01485 0.977 0.76396 0.12334 2.31 3507 7 3529 20 3569 55 
DM 47D-3 5TH ROW-4 243 207.1 33692 0.30896 0.00057 30.67995 0.39707 0.7202 0.00923 0.99 0.85736 0.13648 -0.7 3516 3 3509 13 3497 35 
DM 47D-3 5TH ROW-5 PART-1 292 279.6 16538 0.29817 0.00116 28.38802 0.50243 0.69052 0.01192 0.976 0.96374 0.13833 -2.83 3461 6 3433 17 3385 45 
DM 47D-3 5TH ROW-5 PART-2 340 401.1 23700 0.28426 0.0011 17.31712 0.24136 0.44183 0.00591 0.961 1.18895 0.1856 -36.06 3387 6 2953 13 2359 26 




Appendix 4. Table 4. Results of LA-MC-ICP-MS U-Pb isotope analyses of greywacke (DM 71D), Daitari Greenstone Belt, India. Note: Xenocrystic grains 
shown in dark grey background. Otherwise, excessively discordant grains shown in light grey background were not considered for U-Pb concordia plot. 









DM 71D 1ST ROW-01 89 33.6 7960 0.30652 0.00152 29.72328 0.75632 0.70329 0.01755 0.981 0.38171 0.1208 -2.59 3504 7 3478 25 3433 66 
DM 71D 1ST ROW-02 242 121.4 10834 0.30835 0.00165 30.98869 0.78837 0.72887 0.01813 0.977 0.50622 0.16854 0.61 3513 8 3519 25 3529 68 
DM 71D 1ST ROW-03 213 89.6 17207 0.30901 0.00156 30.55247 0.8262 0.71708 0.01905 0.983 0.42379 0.13501 -1.14 3516 8 3505 27 3485 72 
DM 71D 1ST ROW-04 131 49.3 8005 0.30651 0.00159 30.31068 0.80944 0.71722 0.01879 0.981 0.37894 0.11984 -0.66 3503 8 3497 26 3486 71 
DM 71D 1ST ROW-05 142 73.2 7877 0.30486 0.00155 30.16 0.81024 0.71751 0.01893 0.982 0.52112 0.16483 -0.31 3495 7 3492 26 3487 71 
DM 71D 1ST ROW-06 179 58.6 9221 0.30739 0.00161 30.6238 0.85805 0.72256 0.01989 0.982 0.32925 0.1082 -0.08 3508 8 3507 28 3506 74 
DM71D 1ST ROW-07 268 162.4 7842 0.30152 0.00158 27.63642 0.76364 0.66476 0.01804 0.982 0.60995 0.19396 -7.05 3478 8 3406 27 3286 70 
DM 71D 1ST ROW-08 224 94.5 27157 0.30902 0.00163 30.99404 0.88392 0.72743 0.02039 0.983 0.42584 0.13796 0.29 3516 8 3519 28 3524 76 
DM 71D 1ST ROW-09 218 91.9 15188 0.30817 0.00163 29.46815 0.82393 0.69352 0.01904 0.982 0.42522 0.13508 -4.24 3512 8 3469 27 3396 72 
DM 71D 1ST ROW-10 113 44.8 12606 0.30677 0.00166 31.57348 0.89347 0.74645 0.02073 0.982 0.39988 0.12698 3.34 3505 8 3537 28 3594 77 
DM 71D 1ST ROW-11 148 87.5 8665 0.30545 0.00166 29.89725 0.87227 0.7099 0.02035 0.983 0.59708 0.19504 -1.48 3498 8 3483 29 3458 77 
DM 71D 1ST ROW-13 198 96 9492 0.3076 0.00176 29.98764 0.91143 0.70706 0.0211 0.982 0.48743 0.1547 -2.26 3509 9 3486 30 3447 80 
DM 71D 1ST ROW-14 288 125.8 40453 0.31007 0.00179 30.63407 0.96429 0.71655 0.02217 0.983 0.44043 0.13986 -1.4 3521 9 3507 31 3483 83 
DM71D 1ST ROW-15 150 48.9 47874 0.30561 0.00185 29.78136 0.96157 0.70677 0.02242 0.982 0.32853 0.10447 -1.94 3499 9 3480 32 3446 85 
DM 71 1ST ROW-16 73 22.1 11243 0.30158 0.00192 28.51309 0.94385 0.6857 0.02228 0.981 0.3066 0.09688 -4.14 3478 9 3437 32 3366 85 
DM 71 1ST ROW-17 101 33.3 616335 0.30323 0.00196 28.85548 0.99386 0.69017 0.02335 0.982 0.33133 0.10538 -3.81 3487 9 3449 34 3383 89 
DM 71 2ND ROW-01 186 89.1 11198 0.30522 0.00201 29.91607 1.06018 0.71088 0.02475 0.983 0.48195 0.15325 -1.3 3497 10 3484 35 3462 93 
DM 71 2ND ROW-02 235 96 65216 0.30681 0.00203 29.51552 1.04696 0.69773 0.02432 0.982 0.411 0.13331 -3.41 3505 10 3471 35 3412 92 
DM 71 2ND ROW-03 210 97.6 35572 0.30647 0.00207 29.6486 1.07213 0.70164 0.02493 0.982 0.4689 0.15146 -2.81 3503 10 3475 36 3427 94 
DM 71 2ND ROW-04 323 150.5 36341 0.30885 0.00209 29.81054 1.10075 0.70003 0.02541 0.983 0.46871 0.15085 -3.46 3515 10 3481 36 3421 96 
DM 71D 2ND ROW-05 272 130.4 26852 0.29335 0.00233 23.80635 1.04687 0.58859 0.02546 0.984 0.48358 0.16093 -16.38 3435 12 3260 43 2984 103 
DM 71D 2ND ROW-06 172 109.4 3579 0.31126 0.00243 29.61512 1.21666 0.69006 0.02783 0.982 0.64181 0.20791 -5.25 3527 12 3474 40 3383 106 
DM 71D 2ND ROW-07 231 105.3 15917 0.30768 0.00242 29.19635 1.23401 0.68823 0.02858 0.982 0.45823 0.1456 -4.88 3509 12 3460 41 3376 109 
DM 71D 2ND ROW-08 130 51 11184 0.30506 0.00243 28.77575 1.25582 0.68413 0.02936 0.983 0.39462 0.12526 -4.98 3496 12 3446 43 3360 112 
DM 71D 2ND ROW-09 270 87.2 26500 0.30871 0.00248 29.87251 1.33469 0.7018 0.03084 0.984 0.32561 0.10324 -3.19 3514 12 3483 44 3427 117 
DM 71D 2ND ROW-10 386 181.9 41396 0.31015 0.00252 29.68185 1.30266 0.6941 0.02993 0.983 0.47412 0.15243 -4.51 3522 12 3476 43 3398 114 
DM 71D 2ND ROW-11 380 192.6 24412 0.30526 0.00283 27.87998 1.28534 0.66241 0.02991 0.98 0.51088 0.16536 -8.04 3497 14 3415 45 3276 116 
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DM 71D 2ND ROW-12 289 186.9 32850 0.31007 0.00264 28.26891 1.26492 0.66122 0.02905 0.982 0.65038 0.21619 -9.02 3521 13 3428 44 3272 113 
DM 71 D 2ND ROW-13 198 94.7 12658 0.30732 0.00261 28.77168 1.35413 0.67901 0.03143 0.984 0.48305 0.15866 -6.09 3507 13 3446 46 3341 121 
DM 71 D 2ND ROW-14 145 111.4 13115 0.30651 0.00263 27.4993 1.27282 0.65069 0.02959 0.983 0.77429 0.24765 -9.87 3503 13 3401 45 3231 116 
DM 71D 2ND ROW-15 211 132.5 26875 0.30685 0.00116 29.65732 0.82552 0.70099 0.01933 0.991 0.6311 0.10432 -2.97 3505 6 3476 27 3424 73 
DM 71D 2ND ROW-15 outer rim 152 57.5 15847 0.30651 0.00095 30.01287 0.51485 0.71017 0.01198 0.983 0.38154 0.06301 -1.63 3503 5 3487 17 3459 45 
DM 71D 2ND ROW-16 85 44.2 25294 0.30472 0.00097 28.68903 0.53997 0.68283 0.01267 0.986 0.52678 0.08808 -5.1 3494 5 3443 18 3355 49 
DM 71D 2ND ROW-16 outer rim 70 26.3 9873 0.30436 0.00102 28.18417 0.44998 0.67161 0.01048 0.978 0.38186 0.06694 -6.6 3493 5 3426 16 3312 40 
DM 71D 2ND ROW-17 41 16 8028 0.30461 0.00108 29.64214 0.5019 0.70577 0.01169 0.978 0.38826 0.06939 -1.9 3494 5 3475 17 3442 44 
DM 71D 3RD ROW-2 142 58.2 30293 0.30594 0.00098 28.67321 0.55516 0.67974 0.01298 0.986 0.41414 0.07239 -5.75 3501 5 3442 19 3343 50 
DM 71D 3RD ROW-4 98 38.8 3979 0.30351 0.00101 29.48626 0.55785 0.7046 0.01312 0.984 0.39921 0.06554 -1.85 3488 5 3470 19 3438 50 
DM 71D 3RD ROW-5 186 113.6 5907 0.30924 0.00129 30.60587 0.75013 0.7178 0.01734 0.985 0.61586 0.0941 -1.08 3517 6 3506 24 3488 65 





Appendix 4. Table 5. Results of LA-MC-ICP-MS Lu-Hf isotope analyses of greywacke (DM 71D), Daitari Greenstone Belt, India. 
Sample  176Hf/177Hf 1 176Lu/177Hf 1 176Yb/177Hf 1 Age (Ma) 1 ɛHf(t) 
DM 71D 1ST ROW-01 0.280632 0.000007 0.001527 0.000008 0.053419 0.000278 3510000000 0.2805285 0.68 
DM 71D 1ST ROW-02 0.280585 0.000007 0.001171 0.000011 0.039812 0.000387 3510000000 0.2805061 -0.12 
DM 71D 1ST ROW-03 0.280606 0.000009 0.001271 0.000015 0.042371 0.000489 3510000000 0.2805198 0.37 
DM 71D 1ST ROW-04 0.280580 0.000008 0.001109 0.000011 0.037024 0.000382 3510000000 0.2805049 -0.16 
DM 71D 1ST ROW-05 0.280639 0.000010 0.001882 0.000012 0.064823 0.000430 3510000000 0.2805113 0.07 
DM 71D 1ST ROW-08 0.280616 0.000009 0.001566 0.000015 0.052468 0.000544 3510000000 0.2805095 0.01 
DM 71D 1ST ROW-11 0.280610 0.000010 0.001307 0.000012 0.044275 0.000447 3510000000 0.2805212 0.42 
DM 71 2ND ROW-01 0.2805792 0.000006 0.000877 0.000004 0.029688140 0.000156 3510000000 0.2805198 0.37 
DM 71 2ND ROW-02 0.280581 0.000009 0.001053 0.000001 0.034606 0.000081 3510000000 0.2805100 0.02 
DM 71 2ND ROW-03 0.280596 0.000010 0.000873 0.000006 0.030572 0.000199 3510000000 0.2805367 0.97 
DM 71 2ND ROW-04 0.280574 0.000008 0.000822 0.000001 0.026080 0.000045 3510000000 0.2805186 0.33 





Appendix 5. Table 1. δ13Corg analysis of carbonaceous chert and shale samples, Daitari Greenstone 
Belt. 
Sample No δ13c vs VPDB TOC (Wt.%) 
DM 46B -12.6 0.27 
DM 77D -28.8 0.358 
DM 59 -29.3 0.152 
DM 81A -20.22 0.022 
DM 81 E -13.38 0.192 
DM 75A -15.9 0.8 
DM 75D -20 0.43 
DM 73A -17.8 0.67 
DM 42 A -19.4 0.835 
DM 24C -23.4 1.122 
DM 84D -19.6 0.86 
DM 71 A -23.9 1.09 
DM 71 B -19.4 0.354 
DM 71C -16.2 0.115 
DM 71D -21.69 0.519 
DM 93 -21.42 0.05 
DM 94 -24.56 2.8 
DM 95 -27.75 3.75 
DM 43 -19.73 0.74 
DM 44A -23.15 0.898 
DM 44B -19.68 0.047 
DM 99 -18.82 0.0271 
DM 98 -16.32 0.149 
DM 9 -20 0.145 
DM 10 -15.97 0.11 
DM 2 -18.58 1.07 
DM 2/A -21.26 0.032 
DM 91 -21.57 0.228 
DM 15 -30 0.17 
DM 47 E -23.04 0.089 
DM 16B -33.7 0.21 
DM 103 -27 0.11 
DM 104 -20.6 0.15 
DM 21 -25 0.033 






Appendix 5. Table 2. δ18O analysis of carbonaceous chert and shale samples, Daitari Greenstone 
Belt. Note: BB refers to black band and WB stands for white band. 




DM47H WB 13.9 







DM21 WB 17.02 
DM21 BB 16.78 
DM 18/2 16.8 
DM46B Quartz 13.22 
DM61A WB 14.88 
DM61A BB* 15.53 
DM15 15.52 
DM76A BB 9.68 
DM76A WB 9.75 
DM47F WB 13.98 
DM47F BB 12.56 
DM56 WB 13.72 
DM47E 14.13 
DM17 WB 16.14 
DM17 BB 15.44 
DM17 JB 14.95 
DM56 BB 12.8 















































SiO2 24.53 24.30 24.17 23.99 25.18 24.40 23.91 23.97 23.92 25.47 23.87 23.89 24.20 25.23 26.01 23.07 24.25 24.03 24.91 23.61 
TiO2 0.00 0.03 0.07 0.14 0.07 0.04 0.06 0.06 0.05 0.01 0.08 0.12 0.06 0.05 0.06 0.08 0.08 0.07 0.09 0.10 
Al2O3 22.24 21.52 21.38 22.08 21.45 21.79 22.52 22.13 22.16 20.90 20.98 22.54 22.46 20.61 20.52 22.59 21.30 22.55 20.49 22.32 
FeO 28.86 28.05 28.33 28.66 28.60 29.16 28.54 28.27 28.29 27.46 27.96 29.15 28.65 29.07 28.62 28.90 28.57 28.75 27.40 28.96 
MnO 0.10 0.10 0.13 0.09 0.09 0.09 0.10 0.05 0.06 0.09 0.06 0.11 0.07 0.06 0.13 0.04 0.08 0.13 0.07 0.19 
MgO 11.91 12.11 12.33 12.34 12.64 11.70 11.86 11.96 12.38 12.24 12.38 12.14 12.04 12.20 12.56 12.33 11.75 11.91 12.44 11.73 
CaO 0.08 0.07 0.07 0.04 0.03 0.01 0.05 0.01 0.10 0.04 0.09 0.02 0.03 0.04 0.31 0.15 0.06 0.06 0.27 0.17 
Na2O 0.01 0.02 0.09 0.00 0.01 0.03 0.11 0.07 0.03 0.06 0.04 0.03 0.02 0.02 0.02 0.02 0.01 0.02 0.14 0.00 
K2O 0.03 0.00 0.03 0.00 0.00 0.03 0.04 0.05 0.02 0.04 0.01 0.02 0.01 0.02 0.04 0.03 0.00 0.01 0.03 0.00 
Total 87.81 86.24 86.60 87.45 88.11 87.34 87.25 86.61 87.01 86.34 85.47 88.02 87.54 87.33 88.29 87.22 86.10 87.53 85.89 87.15 
Si 2.63 2.65 2.63 2.59 2.68 2.64 2.58 2.60 2.59 2.76 2.63 2.56 2.60 2.72 2.77 2.50 2.66 2.59 2.72 2.56 
Al 2.81 2.77 2.74 2.81 2.70 2.78 2.87 2.83 2.83 2.67 2.73 2.85 2.85 2.62 2.57 2.89 2.75 2.86 2.64 2.86 
Ti 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 
Fe 2.59 2.56 2.58 2.58 2.55 2.64 2.58 2.57 2.56 2.49 2.58 2.62 2.58 2.63 2.55 2.62 2.62 2.59 2.50 2.63 
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.02 
Mg 1.90 1.97 2.00 1.98 2.01 1.89 1.91 1.94 2.00 1.97 2.03 1.94 1.93 1.96 1.99 1.99 1.92 1.91 2.03 1.90 
Ca 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.04 0.02 0.01 0.01 0.03 0.02 
Na 0.00 0.00 0.02 0.00 0.00 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 
K 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 
Total 9.96 9.97 10.00 9.99 9.96 9.97 9.99 9.98 10.00 9.92 10.00 10.01 9.97 9.96 9.94 10.05 9.96 9.98 9.97 10.00 
Al(IV) 1.37 1.35 1.37 1.41 1.32 1.36 1.42 1.40 1.41 1.24 1.37 1.44 1.40 1.28 1.23 1.50 1.34 1.41 1.28 1.44 
Sum T 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 
Al(VI) 1.44 1.41 1.37 1.39 1.38 1.42 1.45 1.44 1.41 1.42 1.36 1.42 1.45 1.35 1.34 1.39 1.41 1.45 1.36 1.42 
Fe2+ 2.59 2.56 2.58 2.58 2.55 2.64 2.58 2.57 2.56 2.49 2.58 2.62 2.58 2.63 2.55 2.62 2.62 2.59 2.50 2.63 
T (Cathelineau and Nieva, 1985) 
Al(IV) 
308 304 308 318 297 307 318 314 317 282 308 322 314 288 279 335 303 317 289 322 
T (Cathelineau, 1988) Al(IV) 379 373 379 393 362 376 394 387 393 338 379 400 388 349 335 420 371 393 350 400 
381 
 
Appendix 5. Table 3b. EPMA spot analysis of chlorite, sample DM 82. 
Sample DM 82 DM 82 DM 82 DM 82 DM 82 DM 82 DM 82 DM 82 DM 82 DM82 DM 82 DM 82 DM 82 DM 82 DM 82 DM 82 DM 82 
SiO2 28.33 27.73 27.89 28.14 27.69 28.79 29.76 28.04 28.57 27.29 28.44 28.27 27.53 27.83 27.63 28 28.51 
TiO2 0.03 0 0.06 0.04 0.05 0.05 0.05 0.08 0.1 0.08 0.12 0.07 0.02 0.05 0 0.13 0 
Al2O3 18.36 18.11 18.44 18.43 17.37 18.17 17.29 18.23 17.92 17.31 17.69 18.1 18.2 16.85 17.76 17.97 17.26 
FeO 20 21.53 20.44 19.8 19.91 20.47 20.22 19.78 20.06 19.73 20.96 21.5 20.16 19.99 19.96 20.25 20.47 
MnO 0.09 0.1 0.19 0 0.11 0.12 0.1 0.12 0.14 0.14 0.05 0.08 0.06 0.07 0.17 0.08 0.12 
MgO 20.04 19.97 20.1 20.27 18.88 19.72 19.8 20.07 19.65 18.88 19.35 18.69 19.31 19.63 19.81 20.05 19.35 
CaO 0.06 0.04 0.05 0.05 0.1 0 0.04 0.02 0.06 0.03 0.05 0.01 0.08 0.18 0.22 0.2 0.08 
Na2O 0.03 0.04 0.01 0.04 0.04 0.04 0.04 0.03 0 0.06 0.04 0.07 0.01 0.03 0.05 0.03 0.05 
K2O 0.02 0.03 0.02 0 0.03 0.03 0.04 0 0.02 0.03 0.04 0.02 0 0.03 0.03 0.03 0.05 
Total 86.99 87.78 87.34 86.93 84.3 87.6 87.5 86.48 86.71 83.67 86.8 86.88 85.5 85.09 85.96 87.11 86.22 
Si 2.92 2.86 2.87 2.90 2.95 2.95 3.04 2.90 2.95 2.93 2.95 2.94 2.89 2.94 2.89 2.89 2.98 
Al 2.23 2.20 2.24 2.24 2.18 2.19 2.08 2.23 2.18 2.19 2.16 2.22 2.25 2.10 2.19 2.19 2.12 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.00 
Fe 1.72 1.86 1.76 1.70 1.77 1.75 1.73 1.71 1.73 1.77 1.82 1.87 1.77 1.77 1.75 1.75 1.79 
Mn 0.01 0.01 0.02 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.02 0.01 0.01 
Mg 3.08 3.07 3.09 3.11 3.00 3.01 3.02 3.10 3.03 3.02 2.99 2.90 3.03 3.10 3.09 3.09 3.01 
Ca 0.01 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.02 0.02 0.02 0.01 
Na 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 
K 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 
Total 9.97 10.03 10.00 9.98 9.96 9.95 9.91 9.98 9.94 9.97 9.96 9.95 9.97 9.99 10.00 9.99 9.96 
Al(IV) 1.08 1.14 1.13 1.10 1.05 1.05 0.96 1.10 1.05 1.07 1.05 1.06 1.11 1.06 1.11 1.11 1.02 
Sum T 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
Al(VI) 1.14 1.06 1.11 1.13 1.13 1.14 1.12 1.13 1.14 1.12 1.11 1.15 1.15 1.05 1.08 1.08 1.10 
Fe2+ 1.72 1.86 1.76 1.70 1.77 1.75 1.73 1.71 1.73 1.77 1.82 1.87 1.77 1.77 1.75 1.75 1.79 
T (Cathelineau and Nieva, 
1985) Al(IV) 
248 259 257 252 240 241 221 250 240 244 240 243 253 242 253 253 235 




Appendix 5. Table 3c. EPMA spot analysis of chlorite, sample DM 47A 
Sample DM 47 A DM 47 A DM47A_3 DM47A_4 DM47A_5 DM47A_6 DM47A_7 DM47A_8 DM47A_9 DM47A_10 DM47A_11 DM47A_12 
SiO2 28.7 28.7 27.51 25.85 25.39 26.53 25.93 26.37 26.23 26.74 25.6 28.7 
TiO2 0.09 0.09 0.08 0.06 0.06 0.07 0.05 0.04 0.05 0.05 0.06 0.09 
Al2O3 24.27 24.27 22.96 22.68 22.25 22.6 22.26 22.88 22.98 22.81 23.01 24.27 
FeO 19.78 19.78 22.21 22.92 22.76 22.65 22.75 22.78 22.66 22.24 22.8 19.78 
MnO 0.16 0.16 0.19 0.17 0.18 0.18 0.16 0.18 0.18 0.16 0.17 0.16 
MgO 13.81 13.81 15.87 16.26 16.47 15.9 15.67 16.05 15.83 15.65 15.93 13.81 
CaO 0.02 0.02 0 0.01 0.02 0.01 0.03 0 0.02 0.01 0 0.02 
Na2O 0.07 0.07 0.01 0 0 0 0.01 0 0.03 0 0.02 0.07 
K2O 1.49 1.49 0.02 0.01 0.01 0 0.02 0.01 0.1 0.25 0.03 1.49 
Total 88.45 88.45 88.85 87.96 87.14 87.94 86.88 88.31 88.08 87.91 87.62 88.45 
Si 2.89 2.89 2.79 2.67 2.65 2.73 2.71 2.71 2.70 2.75 2.66 2.89 
Al 2.88 2.88 2.74 2.76 2.74 2.74 2.74 2.77 2.79 2.77 2.81 2.88 
Ti 0.01 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 
Fe 1.67 1.67 1.88 1.98 1.99 1.95 1.99 1.96 1.95 1.91 1.98 1.67 
Mn 0.01 0.01 0.02 0.01 0.02 0.02 0.01 0.02 0.02 0.01 0.01 0.01 
Mg 2.08 2.08 2.40 2.51 2.57 2.44 2.44 2.46 2.43 2.40 2.46 2.08 
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Na 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 
K 0.19 0.19 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.03 0.00 0.19 
Total 9.76 9.76 9.84 9.94 9.97 9.89 9.91 9.91 9.91 9.88 9.94 9.76 
Al(IV) 1.11 1.11 1.21 1.33 1.35 1.27 1.29 1.29 1.30 1.25 1.34 1.11 
Sum T 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 
Al(VI) 1.78 1.78 1.53 1.43 1.39 1.48 1.46 1.48 1.49 1.52 1.47 1.78 
Fe2+ 1.67 1.67 1.88 1.98 1.99 1.95 1.99 1.96 1.95 1.91 1.98 1.67 
T (Cathelineau, 1988) Al(IV) 294 294 328 366 372 346 353 354 356 340 371 294 
383 
 
Appendix 5. Table 3d. EPMA spot analysis of chlorite, sample DM 57A 
Sample DM57A_1 DM57A_12 DM57A_13 DM57A_14 DM57A_15 DM57A_16 DM57A_17 DM57A_18 
SiO2 27.63 23.88 23.54 24.05 24.89 24.51 24.2 24.73 
TiO2 0.07 0.03 0.05 0.05 0.05 0.05 0.91 0.06 
Al2O3 22.52 22.8 22.51 23.09 23.61 22.42 22.87 23.03 
FeO 22.32 29.91 30.11 30.16 30.02 29.36 30.13 29.88 
MnO 0.15 0.51 0.53 0.5 0.54 0.5 0.51 0.52 
MgO 15.85 10.2 10.34 10.04 9.87 10.56 9.95 9.96 
CaO 0 0 0.01 0 0.02 0.01 0.01 0.05 
Na2O 0.39 0 0.02 0.01 0.01 0.01 0.04 0.1 
K2O 0.03 0.06 0.05 0.04 0.04 0.08 0.16 0.09 
total 88.96 87.39 87.16 87.94 89.05 87.5 88.78 88.42 
Si 2.80 2.60 2.57 2.60 2.64 2.65 2.59 2.65 
Al 2.69 2.92 2.90 2.94 2.95 2.86 2.88 2.91 
Ti 0.01 0.00 0.00 0.00 0.00 0.00 0.07 0.00 
Fe 1.89 2.72 2.75 2.72 2.66 2.65 2.70 2.68 
Mn 0.01 0.05 0.05 0.05 0.05 0.05 0.05 0.05 
Mg 2.40 1.65 1.69 1.62 1.56 1.70 1.59 1.59 
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
Na 0.08 0.00 0.00 0.00 0.00 0.00 0.01 0.02 
K 0.00 0.01 0.01 0.01 0.01 0.01 0.02 0.01 
Total 9.89 9.95 9.98 9.93 9.88 9.93 9.91 9.91 
Al(IV) 1.20 1.40 1.43 1.40 1.36 1.35 1.41 1.35 
Sum T 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 
Al(VI) 1.50 1.52 1.47 1.54 1.59 1.51 1.47 1.55 
Fe2+ 1.89 2.72 2.75 2.72 2.66 2.65 2.70 2.68 




Appendix 5. Table 3e. EPMA spot analysis of chlorite, sample DM 84A. 
Sample  DM 84A DM 84A DM 84A DM 84A DM 84A DM 84A DM 84A DM 84A DM 84A DM 84A DM 84A DM 84A DM 84A DM 84A DM 84A DM 84A DM 84A 
SiO2  25.14 24.79 24.47 24.60 24.62 24.72 24.72 24.07 23.96 24.44 24.83 24.88 25.15 24.62 24.68 24.59 25.31 
TiO2  0.10 0.05 0.09 0.09 0.09 0.01 0.03 0.09 0.07 0.08 0.10 0.09 0.08 0.09 0.09 0.06 0.08 
Al2O3  19.38 20.90 20.99 20.63 21.01 20.60 20.90 21.11 20.03 21.26 21.00 20.81 20.91 21.18 21.10 20.83 20.86 
FeO  28.31 28.46 29.20 28.53 29.52 28.08 29.01 28.94 28.67 29.27 29.10 28.89 29.11 29.58 28.83 28.97 29.22 
MnO  0.07 0.01 0.08 0.06 0.09 0.08 0.09 0.08 0.09 0.12 0.09 0.12 0.08 0.12 0.04 0.10 0.10 
MgO  14.17 12.25 12.26 12.32 12.16 12.70 12.51 11.96 12.42 12.30 12.43 12.24 12.18 12.07 12.32 12.11 12.40 
CaO  0.29 0.13 0.04 0.05 0.06 0.05 0.08 0.06 1.37 0.16 0.08 0.15 0.16 0.23 0.11 0.10 0.10 
Na2O  0.01 0.00 0.00 0.03 0.00 0.00 0.00 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.02 
K2O  0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.02 
total  87.51 86.67 87.18 86.42 87.61 86.30 87.37 86.32 86.63 87.68 87.64 87.19 87.69 87.90 87.28 86.80 88.17 
Si  2.71 2.69 2.66 2.68 2.66 2.69 2.67 2.64 2.63 2.64 2.67 2.69 2.71 2.65 2.67 2.68 2.71 
Al  2.46 2.68 2.68 2.65 2.68 2.65 2.66 2.73 2.59 2.70 2.67 2.65 2.65 2.69 2.69 2.67 2.63 
Ti  0.01 0.00 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 
Fe  2.55 2.59 2.65 2.60 2.67 2.56 2.62 2.65 2.63 2.64 2.62 2.61 2.62 2.67 2.61 2.64 2.62 
Mn  0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 
Mg  2.28 1.98 1.98 2.00 1.96 2.06 2.02 1.95 2.03 1.98 2.00 1.97 1.95 1.94 1.99 1.97 1.98 
Ca  0.03 0.02 0.00 0.01 0.01 0.01 0.01 0.01 0.16 0.02 0.01 0.02 0.02 0.03 0.01 0.01 0.01 
Na  0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
K  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total  10.05 9.96 10.00 9.98 9.99 9.98 9.99 9.99 10.07 10.00 9.98 9.97 9.96 9.99 9.98 9.98 9.97 
Al(IV)  1.29 1.31 1.34 1.32 1.34 1.31 1.33 1.36 1.37 1.36 1.33 1.31 1.29 1.35 1.33 1.32 1.29 
Sum T  4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 
Al(VI)  1.17 1.37 1.34 1.34 1.34 1.34 1.33 1.36 1.22 1.34 1.34 1.35 1.36 1.34 1.36 1.35 1.34 
Fe2+  2.55 2.59 2.65 2.60 2.67 2.56 2.62 2.65 2.63 2.64 2.62 2.61 2.62 2.67 2.61 2.64 2.62 
T (Cathelineau, 
1988) Al(IV) 




Appendix 5. Table 3f. EPMA spot analysis of chlorite, sample DM 41A 
Sample DM 41 A DM 41 A DM 41 A DM 41 A DM 41 A DM 41 A DM 41 A DM 41 A DM 41 A 
SiO2 26.68 26.59 26.63 26.75 26.66 26.71 25.35 26.17 24.95 
TiO2 0.07 0.05 0.04 0.09 0.06 0.15 0.04 0.01 0.07 
Al2O3 20.49 20.53 20.98 20.97 21.29 20.8 19.33 19.25 20.99 
FeO 26.28 26.65 26.42 25.52 25.87 26.56 24.95 25.28 26.07 
MnO 0.28 0.31 0.29 0.32 0.28 0.33 0.24 0.24 0.35 
MgO 15.03 14.96 14.76 15.38 15.35 15.03 15.4 14.75 13.86 
CaO 0.16 0.69 0.34 0.33 0.2 0.24 2.44 0.24 0.04 
Na2O 0.01 0.00 0.03 0.00 0.01 0.01 0.00 0.02 0.06 
K2O 0.01 0.01 0.04 0.01 0.00 0.00 0.00 0.00 0.05 
total 89.02 89.79 89.54 89.38 89.75 89.87 87.76 85.97 86.49 
Si 2.78 2.75 2.76 2.76 2.74 2.76 2.70 2.82 2.69 
Al 2.51 2.51 2.56 2.55 2.58 2.53 2.42 2.44 2.66 
Ti 0.01 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.01 
Fe 2.29 2.31 2.29 2.20 2.23 2.29 2.22 2.28 2.35 
Mn 0.02 0.03 0.03 0.03 0.02 0.03 0.02 0.02 0.03 
Mg 2.33 2.31 2.28 2.37 2.35 2.31 2.44 2.37 2.22 
Ca 0.02 0.08 0.04 0.04 0.02 0.03 0.28 0.03 0.00 
Na 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 
K 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 
Total 9.96 9.99 9.96 9.96 9.96 9.97 10.09 9.96 9.98 
Al(IV) 1.22 1.25 1.24 1.24 1.26 1.24 1.30 1.18 1.31 
Sum T 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 
Al(VI) 1.29 1.26 1.32 1.31 1.33 1.29 1.12 1.26 1.35 
Fe2+ 2.29 2.31 2.29 2.20 2.23 2.29 2.22 2.28 2.35 


















Appendix 5. Figure 3a-b). Chlorite thermometry results of sample DM 84A and DM 41A. Thermometry model adopted of Bourdelle et al (2013)
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Appendix 5. Table4a. Raman data (sample DM 47F). Average Raman thermometry estimate (473 ± 
50ºC) with a standard deviation of 19.7. 
Sample Band Area Center Width Height ID1/(ID1+IG) R2=AD1/(AD1+AD2+G) T=-445*R2+641 D/G area D/G intensity 
DM 47 F Spec 000 D1 10614.96 1359.923 37.86368 178.4742 0.46102 0.388673 468.0407 0.657608 0.855355 
 
G 16141.77 1589.892 24.13286 425.8165 
     
 
D2 554.0699 1627.385 14.85733 23.74126 
     
DM 47 F spec 001 D1 5285.161 1357.944 39.47045 85.24448 0.460572 0.390914 467.0435 0.652737 0.853816 
 
G 8096.921 1590.442 23.41924 220.1037 
     
 
D2 137.9429 1635.32 2.63936 33.27211 
     
DM 47 F spec 002 D1 1858.238 1360.467 43.95903 26.91122 0.460973 0.392674 466.2603 0.662762 0.855193 
 
G 2803.78 1590.83 22.4046 79.66854 
     
 
D2 70.25453 1623.861 4.41353 10.1337 
     
DM 47 F spindle  spec 000 D1 14624.34 1356.92 41.84261 222.5039 0.460898 0.353972 483.4823 0.590342 0.854935 
 
G 24772.67 1587.161 24.04678 655.8372 
     
 
D2 1917.914 1626.973 39.38664 30.9999 
     
DM 47 F spindle  spec 001 D1 4569.44 1359.21 38.56666 75.42774 0.460917 0.355953 482.6009 0.564558 0.855002 
 
G 8093.843 1589.717 23.94406 215.1974 
     
 
D2 173.9163 1632.551 13.02247 8.50212 
     
DM 47 F spindle  spec 006 D1 5058.557 1361.492 65.58284 49.10396 0.461495 0.390795 467.0963 0.676771 0.856992 
 
G 7474.542 1588.687 23.10136 205.9811 
     
 
D2 411.1809 1624.896 14.89053 17.57935 
     
DM 47 F spindle  spec 018 D1 1843.603 1359.08 38.02219 30.86814 0.461196 0.29578 509.3778 0.427684 0.855963 
 
G 4310.669 1587.778 25.23112 108.7648 
     
 
D2 78.74433 1632.375 3.51994 14.24176 
     
DM 47 F spindle  spec 019 D1 3358.677 1357.288 43.20814 49.48605 0.460651 0.445842 442.6005 0.839425 0.854087 
 
G 4001.164 1589.169 24.42047 104.3068 
     
 
D2 173.5009 1628.184 12.02614 9.1845 
     
DM 47 F spindle  spec 020 D1 3616.127 1356.567 46.3009 49.72037 0.460616 0.420179 454.0204 0.745254 0.853966 
 
G 4852.207 1588.55 25.33717 121.9162 
     
 
D2 137.8249 1633.435 7.13265 12.30146 
     
DM 47 F spindle  spec 022 D1 1903.018 1359.807 38.32093 31.61454 0.46105 0.324117 496.7677 0.56628 0.85546 
 
G 3360.559 1589.562 25.82758 82.83388 
     
 
D2 607.8052 1631.748 0.1793 2158.071 
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Appendix 5. Table 4b. Raman data (sample DM 87). Average Raman thermometry estimate (425 ± 
50ºC) with a standard deviation of 21. 
 
Sample Band Area Center Width Height ID1/(ID1+IG) R2=AD1/(AD1+AD2+G) T=-445*R2+641 D/G area D/G intensity 
DM 87 spec000 D1 45638.37 1356.167 39.63712 733.0071 0.46069 0.423605 452.4956 0.76591 0.854221 
 G 59587.12 1587.607 25.6978 1476.171      
 D2 2512.431 1627.229 13.66926 117.0117      
DM 87 Spec 002 D1 8865.04 1356.378 42.86097 131.6736 0.460561 0.485081 425.1389 0.970373 0.853779 
 G 9135.704 1588.676 29.23506 198.9382      
 D2 274.6289 1629.831 9.42411 18.5518      
DM 87 Spec 002_R D1 8900.151 1357.081 56.1024 100.9941 0.4607 0.559103 392.1992 1.367719 0.854257 
 G 6507.295 1588.61 27.84178 148.7934      
 D2 511.1807 1615.453 21.81379 14.91844      
DM 87 Spec 003 D1 8900.151 1357.081 56.1024 100.9941 0.4607 0.559103 392.1992 1.367719 0.854257 
 G 6507.295 1588.61 27.84178 148.7934      
 D2 511.1807 1615.453 21.81379 14.91844      
DM 87 Spec 004 D1 6860.091 1358.18 36.31609 120.2571 0.460904 0.448984 441.2019 0.895633 0.854957 
 G 7659.488 1588.596 27.83318 175.1931      
 D2 759.5475 1627.622 22.50076 21.49008      
DM 87 Spec 006 D1 4390.243 1357.117 37.01987 75.49772 0.460416 0.468261 432.6237 0.97365 0.853278 
 G 4509.055 1590.474 28.24092 101.6452      
 D2 476.3277 1627.64 13.47994 22.49562      
DM 87 Spec 007 D1 9602.138 1355.686 48.35883 126.4073 0.461671 0.410304 458.4146 5.830688 0.857601 
 G 1646.827 1580.789 0.36307 2887.607      
 D2 12153.52 1587.674 30.00963 257.8229      
DM 87 Spec 008 D1 11688.87 1355.845 44.89491 165.7508 0.460452 0.519003 410.0436 1.142504 0.853404 
 G 10230.92 1588.75 31.64648 205.8114      
 D2 601.9781 1628.995 13.37878 28.64469      
DM 87 Spec 009 D1 8586.99 1355.403 42.23942 129.4205 0.460428 0.477768 428.393 1.030262 0.85332 
 G 8334.759 1588.388 27.60054 192.2452      
 D2 1051.369 1628.307 0.42294 1582.54      
DM 87 Spec 001 D1 11143.39 1357.525 49.47721 143.3812 0.46081 0.467644 432.8984 0.905341 0.854635 
 G 12308.49 1588.428 27.85598 281.298      
 D2 376.899 1629.449 6.70233 35.79969      
DM 87 Spec 010 D1 14739.18 1355.69 38.08262 246.392 0.46053 0.513636 412.4322 1.122189 0.853673 
 G 13134.31 1588.067 27.80531 300.7182      
 D2 822.2981 1625.221 14.59295 35.87289      
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Appendix 5. Figure 4c. Raman data (sample DM 38). Average Raman thermometry estimate (458 ± 
50ºC) with a standard deviation of 24. 




D/G area D/G intensity 
DM 38 Spec 
0021 
D1 59354.17 1357.394 33.36653 1132.453 0.461 0.4088 459.0838 0.709269 0.855288 
 
G 83683.58 1587.061 25.0119 2129.971 
     
 
D2 2153.34 1627.575 10.85436 126.2957 
     
DM 38 Spec 
0036 
D1 35687.17 1355.424 30.77661 738.1956 0.460543 0.472436 430.7662 0.9405 0.853718 
 
G 37944.88 1587.672 24.90906 969.7862 
     
 
D2 1906.654 1626.742 11.5269 105.3027 
     
DM 38  
Spec037 
D1 24785.11 1356.263 33.65932 468.7763 0.460647 0.472226 430.8592 0.929122 0.854072 
 
G 26675.83 1587.996 26.08227 651.1075 
     
 
D2 1024.704 1627.562 11.94475 54.61366 
     
DM 38  
Spec38 
D1 20864.48 1356.898 34.247 387.8512 0.460807 0.378414 472.6058 0.622364 0.854624 
 
G 33524.55 1587.713 24.73388 862.8811 
     
 
D2 747.6423 1628.226 11.29869 42.12558 
     
DM 38  
Spec39 
D1 5813.576 1357.893 32.45002 114.0535 0.460812 0.344207 487.828 0.53206 0.854642 
 
G 10926.54 1588.844 25.44785 273.3453 
     
 
D2 149.666 1628.328 7.5364 12.64269 
     
DM 38  
Spec41 
D1 21302.9 1356.726 36.90815 367.4487 0.460753 0.322851 497.3315 0.485245 0.854436 
 
G 43901.37 1587.861 26.26854 1063.953 
     
 
D2 779.5215 1628.762 10.55889 46.99914 
     
DM 38  
Spec42 
D1 15069.18 1357.794 36.29593 264.309 
 
0.333109 492.7667 0.510663 0.854983 
 
G 29509.05 1588.095 25.82384 727.4693 0.493708 
    
 
D2 659.815 1628.574 11.62008 36.14876 
     
DM 38  
Spec43 
D1 6313.71 1357.482 31.74984 126.5969 0.460778 0.362998 479.466 0.58043 0.854525 
 
G 10877.64 1588.58 26.0898 265.4265 
     
 
D2 201.89 1627.16 10.03841 12.80355 
     
DM 38  
Spec44 
D1 16932.61 1357.495 32.47967 331.8887 0.460812 0.369032 476.7806 0.594576 0.854641 
 
G 28478.48 1588.38 25.50504 710.8385 
     
 
D2 472.7171 1628.156 11.28238 26.67355 
     
DM 38  
Spec45 
D1 8193.345 1357.015 39.9529 130.5549 0.460807 0.365988 478.1352 0.583271 0.854623 
 
G 14047.24 1587.852 27.71254 322.6969 
     
 
D2 146.3207 1623.866 6.84084 13.61685 
     
DM 38  
Spec49 
D1 16694.79 1354.29 34.82466 305.1927 0.4606 0.47222 430.8621 0.953102 0.853913 
 
G 17516.27 1585.982 23.84396 467.6741 
     
 
D2 1142.781 1623.97 17.83461 40.79241 
     
DM 38  
Spec50 
D1 27809.25 1353.721 38.54935 459.2535 0.460909 0.453236 439.3099 0.859015 0.854975 
 
G 32373.43 1583.345 25.50758 807.9781 
     
 
D2 1174.404 1621.214 13.82492 54.07981 
     
DM 38  
Spec51 
D1 48357.23 1351.641 46.56141 661.1734 0.460902 0.436242 446.8724 0.800114 0.854949 
 
G 60437.95 1580.96 30.01218 1282.012 
     
 
D2 2054.42 1618.278 12.24247 106.8318 
     
DM 38  
Spec53 
D1 64839.93 1352.127 40.18858 1027.117 0.460645 0.411291 457.9756 0.71253 0.854068 
 
G 90999.54 1583.161 26.40895 2193.654 




D2 1810.422 1620.927 9.51888 121.0804 
     
DM 38  
Spec36 
D1 35696.11 1355.424 30.78247 738.2402 0.460544 0.472436 430.7661 0.940539 0.853718 
 
G 37952.82 1587.672 24.91359 969.8128 
     
 
D2 1908.66 1626.744 11.53656 105.3252 
     
DM 38  
Spec0037 
D1 24966.16 1356.266 33.85261 469.5045 0.460648 0.472403 430.7808 0.930752 0.854077 
 
G 26823.65 1587.992 26.20759 651.5848 
     
 
D2 1059.514 1627.62 12.26076 55.01355 
     
 
 
Appendix 5. Table 4d. Raman data (sample DM 18). Average Raman thermometry estimate (468 ± 
50ºC) with a standard deviation of 7. 
Sample  Band Area Center Width Height ID1/(ID1+IG) R2=AD1/(AD1+AD2+G) T=-445*R2+641 D/G area D/G intensity 
DM 18 Mat 008  D1 34166.06 1359.645 34.41859 631.9489 0.46091 0.39729 464.2058 0.684989 0.854978 
 
 G 49878.27 1590.269 26.127 1215.352 
     
DM 18 Mat8  D1 33659.92 1359.646 33.99155 630.4087 0.460909 0.395854 464.8448 0.679686 0.854975 
 
 G 49522.74 1590.275 25.96966 1213.999 
     
 
 D2 1848.419 1628.765 15.61072 75.38025 
     
DM 18 Mat9  D1 18151.98 1360.166 31.17408 370.6897 0.460982 0.372539 475.2201 0.614298 0.855227 
 
 G 29549.15 1590.414 26.12378 720.0937 
     
 
 D2 1023.906 1630.949 12.00917 54.27841 
     
DM 18 Mat10  D1 3647.789 1359.742 33.5586 69.19999 0.460907 0.405739 460.4461 0.695127 0.854966 
 
 G 5247.657 1590.405 24.84626 134.4573 
     
 
 D2 95.0336 1632.97 8.10367 7.46579 
     
DM 18 009  D1 17867.95 1360.165 30.71326 370.3642 0.460981 0.370478 476.1374 0.608112 0.855223 
 
 G 29382.68 1590.421 26.01231 719.1056 
     
 
 D2 978.8591 1630.927 11.66862 53.40485 
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Appendix 5. Table4e. Raman data (sample DM 16B). Average Raman thermometry estimate (447 ± 
50ºC) with a standard deviation of 22.  
Sample Band Area Center Width Height ID1/(ID1+IG) R2=AD1/(AD1+AD2+G) T=-445*R2+641 D/G area D/G intensity 
DM 16B Spec002 D1 8647.477 1358.713 40.8778 134.6735 0.460826 0.415888 455.9301 0.734318 0.85469 
 G 11776.2 1589.714 29.1659 257.0454      
 D2 369.1538 1632.275 19.50354 12.04964      
DM 16B Spec002_R D1 2101.606 1358.318 42.74761 31.29821 0.461104 0.376185 473.5976 0.623661 0.855645 
 G 3369.789 1587.477 30.33052 70.72989      
 D2 115.2306 1597.979 7.81393 9.38812      
DM 16B Spec003 D1 15902.84 1356.36 32.17654 314.641 0.460304 0.444823 443.0536 0.827335 0.852895 
 G 19221.75 1590.301 27.98922 437.2021      
 D2 626.3027 1627.371 16.69255 23.8859      
DM 16B  Spec004 D1 15799.5 1358.941 36.45896 275.8793 0.460766 0.436474 446.7691 0.810301 0.854483 
 G 19498.31 1590.366 28.63056 433.5581      
 D2 900.2143 1629.3 20.1284 28.47192      
DM 16B  Spec005 D1 13187.7 1358.94 43.9357 191.0872 0.460821 0.461279 435.731 1.046786 0.854672 
 G 12598.27 1590.014 27.42642 292.43      
 D2 2803.464 1618.179 16.91314 105.5239      
DM 16B Spec006 D1 21501.19 1359.663 45.67141 299.7079 0.461666 0.501286 417.9276 2.512744 0.857584 
 G 8556.856 1585.457 22.68851 240.0979      
 D2 12833.98 1594.368 24.71994 330.5173      
DM 16B Spec14 D1 50305.05 1360.058 40.82142 784.5193 0.460875 0.503477 416.9528 1.103355 0.854859 
 G 45592.8 1590.973 33.03144 878.7167      
 D2 4017.474 1628.968 22.12433 115.6014      
DM 16B Spec15 D1 88088.41 1359.385 38.42804 1459.32 0.460764 0.458309 437.0527 0.88259 0.854477 
 G 99806.7 1590.898 28.69693 2214.136      
 D2 4308.15 1631.456 17.03723 160.98      
DM 16B Spec0016 D1 44489.9 1359.798 40.70395 695.833 0.460906 0.390689 467.1433 0.65724 0.854964 
 G 67691.99 1590.474 27.67307 1557.256      
 D2 1693.563 1630.58 13.98895 77.07198      
DM 16 Spec018 D1 10159.1 1361.52 45.32895 142.679 0.46119 0.352911 483.9547 0.556092 0.855941 
 G 18268.75 1590.671 26.20457 443.8252      
 D2 358.7417 1627.369 13.13885 17.3822      
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Appendix 5. Table4f. Raman data (sample DM 71C). Average Raman thermometry estimate (395 ± 
50ºC) with a standard deviation of 14. 
  
Sample Band Area Center Width Height ID1/(ID1+IG) R2=AD1/(AD1+AD2+G) T=-445*R2+641 D/G area D/G intensity 
DM 71C Spec003 D1 3805.307 1359.767 37.91142 63.89984 0.460883 0.542312 399.6712 1.258196 0.854887 
 G 3024.415 1590.582 30.48949 63.14972      
 D2 187.1019 1622.6 6.67468 17.84546      
DM 71C  Spec004 D1 7807.983 1358.197 41.29145 120.3813 0.461476 0.589025 378.8838 3.136773 0.856927 
 G 2489.177 1584.962 21.27578 74.48183      
 D2 2958.613 1593.463 25.19916 74.74504      
DM 71C Spec005 D1 6727.194 1357.836 36.62821 116.9226 0.460812 0.562839 390.5364 1.31922 0.854641 
 G 5099.371 1588.78 26.32939 123.298      
 D2 125.6781 1622.006 5.19552 15.39965      
DM 71C Spec 008 D1 7375.425 1358.102 36.07168 130.167 0.460752 0.587289 379.6564 1.443983 0.854434 
 G 5107.697 1589.475 25.93204 125.3916      
 D2 75.30168 1603.802 0.00583 8229.573      
DM 71C Spec009 D1 6614.484 1358.283 41.02687 102.6379 0.460877 0.551991 395.3642 1.268678 0.854863 
 G 5213.681 1588.89 27.20203 122.0178      
 D2 154.8023 1610.591 0.27366 360.1181      
DM 71C Spec 010 D1 6233.616 1357.955 37.51311 105.7882 0.460814 0.536829 402.1113 1.159996 0.854647 
 G 5373.826 1588.908 27.86784 122.761      
 D2 4.48816 1647.946 0.00321 890.1335      
DM 71C Spec011 D1 8113.734 1357.925 37.97846 136.0077 0.460917 0.578618 383.515 1.478547 0.855003 
 G 5487.641 1588.21 26.57928 131.4385      
 D2 421.2332 1626.909 13.88518 19.31306      
DM 71C Spec13 D1 5924.181 1357.663 42.89504 87.92277 0.460783 0.560363 391.6383 1.395224 0.85454 
 G 4246.044 1588.764 29.16303 92.68982      
 D2 401.8081 1613.894 0.60318 424.0841      
DM 71C Spec14 D1 5991.121 1357.54 37.16955 102.6127 0.460686 0.474888 429.6747 1.428633 0.854208 
 G 4193.604 1589.238 23.15596 115.2935      
 D2 2431.13 1605.614 0.17902 8645.467      
DM 71C Spec15 D1 5836.678 1359.128 37.59991 98.82325 0.460967 0.542763 399.4703 1.187233 0.855175 
 G 4916.202 1589.297 26.68637 117.279      
 D2 0.75203 1603.893 0.000497 964.2569      
DM 71C Spec16 D1 4372.385 1357.275 37.49723 74.23341 0.460533 0.538363 401.4287 1.16766 0.853683 
 G 3744.57 1589.905 26.52899 89.85895      
 D2 4.68252 1607.926 0.00632 472.0462      
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Appendix 5. Figure 4g. Raman data (sample DM 69). Average Raman thermometry estimate (419 ± 
50ºC) with a standard deviation of 23. 
 
  
Sample Band Area Center Width Height ID1/(ID1+IG) R2=AD1/(AD1+AD2+G) T=-445*R2+641 D/G area D/G intensity 
DM 69 Spec001 D1 3221.369 1360.122 39.65632 51.71401 0.460996 0.491954 422.0803 1.032643 0.855273 
 G 3119.537 1590.279 26.05089 76.23384      
 D2 207.1982 1627.779 5.74934 22.94287      
Dm 69 Spec004 D1 8384.873 1360.367 52.51516 101.6464 0.461187 0.547981 397.1484 1.283173 0.855931 
 G 6534.484 1589.342 36.6026 113.6526      
 D2 382.0359 1628.137 15.91956 15.27753      
DM 69  Spec005 D1 5750.447 1360.357 53.92574 67.88685 0.461034 0.527687 406.1792 1.226709 0.855403 
 G 4687.705 1590.311 32.07025 93.05463      
 D2 459.3032 1628.015 15.2661 19.15364      
DM 69 Spec6 D1 5973.717 1364.96 53.10784 71.60876 0.46149 0.535461 402.7196 1.227395 0.856975 
 G 4866.987 1592.765 37.74967 82.07808      
 D2 315.4984 1632.113 12.3329 16.28591      
DM 69 Spec7 D1 6195.338 1361.557 51.84854 76.06916 0.461087 0.528556 405.7927 1.211313 0.855588 
 G 5114.564 1591.369 40.66869 80.06239      
 D2 411.3564 1626.642 12.85412 20.37304      
DM 69 Spec8 D1 4457.397 1361.903 42.37358 66.96783 0.461529 0.45213 439.802 0.882713 0.857109 
 G 5049.656 1588.949 31.59061 101.7616      
 D2 351.6029 1630.273 20.65447 10.83723      
DM 69 Spec9 D1 3673.921 1362.793 44.56855 52.4785 0.461676 0.421903 453.253 1.478978 0.857616 
 G 2484.095 1589.048 31.33949 50.46106      
 D2 2549.95 1602.252 78.47598 20.68593      
DM 69 Spec10 D1 4313.695 1360.437 35.84078 76.62176 0.461939 0.428191 450.4551 2.627314 0.858524 
 G 1641.865 1584.623 19.7591 52.89937      
 D2 4118.673 1592.893 32.94263 79.59378      
DM 69 Spec11 D1 7329.971 1360.503 51.94941 89.82594 0.460831 0.555737 393.6972 1.255909 0.854706 
 G 5836.388 1591.78 43.78029 84.86833      
 D2 23.29042 1610.353 0.02603 569.6488      
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Appendix 5. Table 4h. Raman data (sample DM 1G). Average Raman thermometry estimate (449 ± 
50ºC) with a standard deviation of 22. 
Sample Band Area Center Width Height ID1/(ID1+IG) R2=AD1/(AD1+AD2+G) T=-445*R2+641 D/G area D/G intensity 
DM 1G Spec0026 D1 39545.37 1359.308 35.78059 703.604 0.460712 0.343519 488.134 0.851904 0.854297 
 
G 46419.98 1591.143 28.55878 1034.774 
     
 
D2 29153.02 1616.066 408.8816 45.39061 
     
DM 1G Spec0030 D1 11313.93 1358.565 39.94757 180.3032 0.460617 0.472177 430.8813 0.935108 0.85397 
 
G 12099.06 1590.881 27.74061 277.6616 
     
 
D2 548.2275 1631.472 14.45707 24.14131 
     
DM 1G Spec 28 D1 9882.992 1359.653 37.23942 168.9529 0.462297 0.43108 449.1694 15.99484 0.859763 
 
G 617.8863 1581.427 13.26585 29.65199 
     
 
D2 12425.24 1591.492 26.63189 297.0182 
     
 
D1 10885.6 1359.778 37.55036 184.5519 0.460861 0.448763 441.3005 1.153692 0.854811 
DM 1G Spec29 G 9435.449 1590.736 24.91948 241.0481 
     
 
D2 3935.858 1602.878 80.39211 31.1678 
     
DM 1G Spec 031 D1 39729.99 1359.695 34.43937 734.4181 0.460781 0.451531 440.0689 0.854396 0.854536 
 
G 46500.65 1591.151 26.5412 1115.369 
     
 
D2 1758.953 1631.078 16.72606 66.94849 
     




Appendix 5. Figure4i. Raman data (sample DM 8A). Average Raman thermometry estimate (442 ± 
50ºC) with a standard deviation of 5. 
Sample Band Area Center Width Height ID1/(ID1+IG) R2=AD1/(AD1+AD2+G) T=-445*R2+641 D/G area D/G intensity 
DM 8A Spec003 D1 15880.44 1356.358 32.14106 314.5447 0.460304 0.444798 443.0647 0.827073 0.852894 
 G 19200.78 1590.301 27.96295 437.1355      
 D2 621.3315 1627.326 16.59512 23.83543      
DM8A Spec004 D1 15737.89 1358.939 36.34743 275.6468 0.460765 0.436258 446.8651 0.809059 0.85448 
 G 19452.09 1590.369 28.57341 433.3954      
 D2 884.7363 1629.196 19.8716 28.34401      
DM8A Sepc026 D1 37817.79 1359.43 34.49578 697.9275 0.46075 0.435499 447.2028 0.793937 0.854428 
 G 47633.24 1591.04 28.87744 1050.102      
 D2 1386.717 1632.03 11.19179 78.88031      
DM 8A Spec27 D1 21759.22 1359.213 35.69338 388.093 0.460722 0.444272 443.299 0.836283 0.854331 
 G 26018.96 1590.967 27.11811 610.8162      
 D2 1199.093 1629.9 19.72769 38.69519      
DM 8A Spec28 D1 10168.78 1359.64 38.1368 169.748 0.460856 0.429043 450.076 0.777285 0.854792 
 G 13082.44 1590.609 26.61139 312.9691      
 D2 449.8658 1629.16 14.57356 19.65158      
DM 8A Spec29 D1 10811.31 1359.779 37.35222 184.2646 0.460866 0.450534 440.5122 1.135892 0.854825 
 G 9517.904 1590.711 25.04728 241.9139      
 D2 3667.415 1603.68 77.86392 29.98499      
DM 8A Spec30 D1 11303.54 1358.567 39.91014 180.3064 0.460617 0.472015 430.9533 0.934488 0.853971 
 G 12095.97 1590.882 27.73727 277.624      
 D2 547.8993 1631.469 14.47661 24.09428      
DM 8A Spec31 D1 39821.32 1359.697 34.49843 734.8463 0.460782 0.451595 440.0402 0.855049 0.854537 
 G 46572 1591.149 26.57617 1115.611      
 D2 1785.951 1631.101 16.93065 67.15464      




Appendix 5. Figure 4j. Raman data (sample DM 17). Average Raman thermometry estimate (450 ± 
50ºC) with a standard deviation of 12. 
Sample  Area Center Width Height ID1/(ID1+IG) R2=AD1/(AD1+AD2+G) T=-445*R2+641 D/G area D/G intensity 
DM 17 Spec001_01 D1 33216.28 1360.265 35.74892 591.5183 0.460862 0.443289 443.7365 0.820646 0.854813 
 G 40475.79 1591.301 26.01649 990.4366      
 D2 1239.414 1631.088 11.42542 69.05964      
DM 17 Spec001 D1 33195.96 1360.264 35.73288 591.4218 0.460862 0.443258 443.7502 0.820472 0.854813 
 G 40459.57 1591.301 26.00759 990.3786      
 D2 1235.325 1631.084 11.39287 69.02845      
DM 17 Spec003 D1 76654.99 1359.45 33.59947 1452.406 0.460729 0.441928 444.3422 0.825144 0.854357 
 G 92898.97 1591.197 25.69735 2301.456      
 D2 3902.035 1630.217 12.69614 195.659      
DM 17 Spec003_001 D1 76706.18 1359.45 33.61929 1452.519 0.46073 0.441999 444.3104 0.825436 0.854357 
 G 92928.1 1591.197 25.70334 2301.641      
 D2 3909.468 1630.219 12.70875 195.8371      
DM 17 Spec004 D1 49186.9 1360.358 37.65242 831.6425 0.460969 0.385981 469.2386 0.644223 0.85518 
 G 76350.71 1590.727 26.88697 1807.804      
 D2 1895.978 1631.434 11.3121 106.7014      
DM 17 Spec004 01 D1 49200.77 1360.358 37.6595 831.7206 0.460969 0.386002 469.2289 0.644307 0.85518 
 G 76362.29 1590.727 26.89043 1807.845      
 D2 1899.27 1631.437 11.33168 106.702      
DM 17 Spec005_001 D1 43907.45 1360.197 35.63051 784.5061 0.460822 0.451779 439.9582 0.851055 0.854677 
 G 51591.78 1591.475 25.77878 1274.085      




Appendix 5. Figure4k. Raman data (sample DM 15). Average Raman thermometry estimate (446 ± 





Area Center Width Height ID1/(ID1+IG) R2=AD1/(AD1+AD2+G) T=-445*R2+641 D/G area D/G intensity 
DM 15 Spec001 D1 33216.27 1360.265 35.74891 591.5183 0.460862 0.443289 443.7365 0.820645 0.854813 
 
G 40475.8 1591.301 26.0165 990.4366 
     
 
D2 1239.401 1631.088 11.42522 69.06014 
     
DM 15 Spec003 D1 76462.92 1359.447 33.54287 1451.212 0.460729 0.441875 444.3657 0.824633 0.854354 
 
G 92723.55 1591.199 25.65552 2300.856 
     
 
D2 3855.567 1630.204 12.57479 195.1945 
     
DM 15 Sepc004 D1 49232.12 1360.357 37.68691 831.6452 0.460969 0.386147 469.1648 0.644702 0.85518 
 
G 76364.11 1590.726 26.88893 1807.989 
     
 
D2 1899.723 1631.435 11.31574 106.8778 
     
DM 15 Spec005 D1 43916.98 1360.197 35.63677 784.5386 0.460822 0.451794 439.9518 0.851126 0.854677 
 
G 51598.66 1591.475 25.78172 1274.109 
     
 
D2 1690.176 1630.965 10.97256 98.0628 
     
DM 15 Spec009 D1 21714.6 1360.081 32.85705 420.73 0.460807 0.43965 445.3559 0.813427 0.854623 
 
G 26695.2 1591.44 25.73417 660.394 
     
 
D2 980.8938 1630.774 13.46987 46.35951 
     
DM 15 Granu Spec001 D1 32501.72 1360.264 35.09013 589.6597 0.461567 0.445187 442.8917 4.737101 0.85724 
 
G 6861.099 1586.794 16.52494 264.3224 
     
 
D2 33644.02 1593.142 27.68198 773.7325 
     
DM 15 Granu Spec003 D1 76670.89 1359.45 33.60463 1452.484 0.460729 0.441936 444.3384 0.825198 0.854357 
 
G 92912.13 1591.197 25.70049 2301.501 
     
 
D2 3905.617 1630.218 12.70566 195.6918 
     
Dm 15 Granu Spec004 D1 49277.97 1360.357 37.71335 831.8362 0.460969 0.386236 469.125 0.645018 0.85518 
 
G 76397.82 1590.726 26.89895 1808.114 
     
 
D2 1909.329 1631.443 11.37223 106.8846 
     
DM 15 Spec10 D1 19503.72 1359.797 32.72782 379.3854 0.460756 0.462201 435.3204 0.895707 0.854446 
 
G 21774.66 1591.436 25.27828 548.383 
     
 
D2 919.0868 1630.075 13.42209 43.59297 
     
DM 15 Spec11 D1 13899.06 1360.448 33.94678 260.6555 0.460877 0.448397 441.4633 0.855044 0.854864 
 
G 16255.37 1591.42 25.23421 410.0977 
     
 
D2 842.782 1630.552 16.56791 32.3838 
     
DM 15  Spec012 D1 15833.68 1360.367 34.40367 292.993 0.460869 0.446502 442.3067 0.861939 0.854838 
 
G 18369.83 1591.374 25.65874 455.7745 
     
 
D2 1258.119 1630.294 6.75311 118.6037 
     
DM 15 Spec012_Rep data D1 15819.36 1360.368 34.3747 292.9747 0.460869 0.446382 442.3599 0.86148 0.854838 
 
G 18363.01 1591.375 25.65224 455.7206 
     
 
D2 1256.677 1630.294 6.74705 118.5741 





This appendix contains eight abstracts that were accepted and published as part of international 
conference programs, proceedings and symposium, and a peer reviewed paper published in 
journal “Precambrian Research” volume 357C (2021):106109. The author is the first author of 
the published paper and six abstracts that were published and presented as oral presentations. 
One of which was an invited talk. Full citations are provided with respective published abstract.  
1.1. 35 th International Geological Congress (IGC), Cape Town, 2016.  
The following abstract is from the 35th International Geological Congress (IGC), 
Cape Town, 2016. Where the first author presented his research orally. 
 
Jodder, J. and Hofmann, A. (2016a). Carbonaceous cherts of the Daitari Greenstone Belt, 
Singhbhum Craton, India: A well preserved record of early life. Abstract, 35th Inter. Geol. Cong. 
27th Aug to 4th Sept. 2016, Cape Town South Africa. 
https://www.americangeosciences.org/igc/16625 
1.2. 35 th International Geological Congress ( IGC), Cape Town, 2016.  
The author is the second author of this abstract, which was presented orally by 
Dr. A. Hofmann. 
 
Hofmann A., Jodder J. and Xie, H. (2016). On the remarkable similarity of the Archaean 
geological evolution of the Singhbhum and Kaapvaal cratons. Abstract, 35th IGC, Cape Town. 
https://www.americangeosciences.org/igc/16720 
1.3. Search for life from Early Earth to Exoplanets. XIITH Recontres Du 
Vietnam – Quy Nhon, Vietnam, December, 2016. 
The first author presented his research findings orally. 
 
Jodder J. and Hofmann A. (2016b). Probing into the Palaeoarchaean record of the Singhbhum 
Craton (India) in search for vestiges of life older than 3.5 Ga. Abstract, Search for life: from early 
Earth to exoplanets, 12th Dec. to 16th Dec.2016, XIIth Recontres du 
Vietnam. https://www.youtube.com/watch?v=gs0tsUGtseo&t=148s 
1.4. Geocongress, University of Johannesburg, South Africa, 2018.  
 The abstract was published with Geocongress conference proceedings and the 
first author gave an oral presentation. 
 
Jodder, J., Hofmann, A., Xie, H., Wilson, A., Butler, M. Decoding the Palaeoarchaean record of 
the Daitari greenstone belt, India: a quest for early life. Geocongress. University of 




1.5. Goldschmidt Conference, Barcelona, Spain, 2019. 
The first author presented his research as an oral presentation. 
 
J., Jodder, A., Hofmann, A., Wilson., E. E. Stueken, and H. Xie. Early traces of life preserved in 
3.51 Ga old cherts of the Daitari Greenstone Belt, India. Abstract. Goldschmidt, Barcelona. 
1.6. 36 th International Geological Congress (IGC), Delhi, 2020.  
The abstract was published and chosen for an oral presentation. The conference 
got postponed due to pandemic Covid-19.  
Jodder, J., and Hofmann, A. Archaean greenstone belts of the Singhbhum Craton, India-
windows into early Earth. 36th International Geological Congress (IGC), Delhi, 2020. 
1.7. 36 th International Geological Congress (IGC), Delhi, 2020.  
This abstract was published at the 36th International Geological Congress (IGC), 
Delhi, 2020. The author is the second author of this abstract that was chosen was 
for an oral presentation. However, this was postponed due to pandemic Covid-
19. 
Hofmann, A., Jodder, J., and Xie, H. On the co-evolution of the Singhbhum and Kaapvaal cratons 
in the Archaean. 36th International Geological Congress (IGC), Delhi, 2020. 
1.8. Life in the Universe Symposium. Co-organized by Search for 
Extra-terrestrial Intelligence (Berkeley, SETI Research Center), 
Breakthrough Initiatives, and SARAO – South African Radio 
Astronomy Observatory.   
The first author was an invited speaker at the two-day online symposium. Where 
the first author delivered an oral presentation.  
Jodder, J., Durrand, P., Hofmann, A., Sugitani, K., and Stueken, E.  The earliest fossilised 





Paper Number: 5247 
Carbonaceous cherts of the Daitari Greenstone Belt, Singhbhum 
Craton, India: A well preserved record of early life. 
Jodder, J.1 and Hofmann, A. 1 




The volcano-sedimentary succession of the Daitari greenstone belt, Singhbhum Craton (India) is characterized by a typical 
Palaeoarchaean greenstone assemblage, felsic volcanics of which have been dated at 3.51 Ga [1]. Common volcanic rocks 
include komatiite, pillow basalt, and felsic volcaniclastic rocks. Sedimentary rocks are dominated by chemical precipitates of 
banded black and white chert, thinly bedded carbonaceous chert and BIF. The Daitari greenstone belt is the best preserved 
Palaeoarchaean succession from India, and has experienced low-grade metamorphism [1]. The different lithological units 
examined record a predominantly sub-marine environment of deposition. Detailed field and petrographic investigations 
indicate processes of alteration of the volcano-sedimentary succession common to the Palaeoarchaean [2]. Apart from 
silicification, carbonate replacement is widely observed within ultramafic rocks, now widely preserved as talc-carbonate 
schists. Sedimentary and volcanic rocks once present close to the seafloor are intersected by various chert–filled hydraulic 
fractures of varying dimension. Sedimentary chert horizons overly sea-floor alteration zones and they host potential signatures 
for the oldest habitat of early life in the form of well-preserved carbonaceous matter. 
 
Carbonaceous matter preserved within the various chert units can be categorized based on its occurrence, association and also 
its abundance or rather concentration of carbonaceous aggregates. It is present as: (1) Composite carbonaceous grains 
represented by dense aggregates of sand-sized detrital carbonaceous particles. (2) Reworked carbonaceous clasts preserved 
within botryoidal silica precipitate. 
(3) Finely laminated carbonaceous layers with composite grains. The carbonaceous matter preserved within chert of the Daitari 
belt appears similar to the well-studied carbonaceous matter from the Buck Reef Chert (3416 Ma), Barberton greenstone belt, 
South Africa, in terms of textural, morphological as well as diagenetic relationships [3]. Field, petrographic, and geochemical 
studies suggest primary biogenic processes for the origin of carbonaceous matter preserved within the chert horizons from the 
Daitari greenstone belt. Microbial activity may have operated under conditions of low-temperature hydrothermal activity on 
the Palaeoarchaean sea floor. 
 
References: 
[1] Mukhopadhay et al. (2012) Geological Journal Volume 47, Pages 284–311 
[2] Hofmann et al. (2007) Astrobiology 7(2), 355-388 
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On the remarkable similarity of the Archaean geological 
evolution of the Singhbhum and Kaapvaal cratons 
Hofmann, A.1, Jodder, J.1 and Xie, H.2 
1Department of Geology, University of Johannesburg, South Africa; ahofmann@uj.ac.za 
2Beijing SHRIMP Centre, Chinese Academy of Geological Sciences, China 
 
 
The Singhbhum craton of India has an Archaean geological history quite similar to the Kaapvaal craton. The most ancient 
rocks currently known in the Singhbhum craton include 3.5 Ga old TTG gneisses and greenstone belts known as the southern 
and eastern Iron Ore Group. The Daitari greenstone belt includes a well preserved submarine volcano-sedimentary 
succession of mafic-ultramafic rocks and intercalated banded cherts and iron formation. Felsic volcaniclastic rocks dated at 
3.51 Ga [1] allow direct comparisons with the lower portions of the Onverwacht and Nondweni groups of the Kaapvaal 
craton. Immature clastic sedimentary rocks are locally associated with the volcanic successions, but are as yet poorly 
studied. Palaeoarchaean successions wrap around, or are intruded by the Singhbhum granite complex, an assemblage of 
TTG and granite, the youngest suite of which is 3.1 Ga old [2]. Its emplacement was associated with stabilization of the 
central part of the Singhbhum craton, in much the same way as the widespread intrusion of 3.1 Ga granites of the Kaapvaal 
craton. Layered mafic- ultramafic complexes are widespread in both cratons. In the Singhbhum craton, these contain 
important PGE and chromite deposits and have been dated at c. 3.12 Ga [3]. Such complexes in the Kaapvaal craton are as 
yet undated, and no metal deposits have been found so far. 
The Singhbhum and Kaapvaal cratons acted as stable basement for the development of continental rift and cover successions 
from 3 billion years onwards. The western Iron Ore Group and a number of poorly characterized quartzite-rich units of the 
Singhbhum craton were likely deposited at the time of Pongola and Witwatersrand basin evolution. The western Iron Ore 
Group consists of a package of shallow- marine quartzite, continental flood basalts and a ferruginous/manganiferous shale-
BIF succession. Quartz pebble conglomerates near the base of the succession contain sub-economic U mineralization much 
similar to Dominion and Pongola strata, while BIFs higher up in the succession host important iron and manganese ore 
deposits. Similar, albeit uneconomic deposits are associated with Pongola and West Rand Group strata. Neoarchaean to 
Palaeoproterozoic sedimentary successions occur mainly along the margin of the Singhbhum craton, where they have been 
subjected to deformation and metamorphism. Time-stratigraphic correlations with the Ventersdorp and Transvaal basins of 
the Kaapvaal craton remain to be evaluated. 
 
References: 
[1] Mukhopadhay et al. (2008) J Geol 116: 449-461 
[2] Saha AK (1994) Geol Soc India Memoir 27, 341pp 




Probing into the Palaeoarchaean record of the Singhbhum Craton 
(India) in search for vestiges of life older than 3.5 Ga. 
Jodder, J.1 and Hofmann, A. 1 
1Department of Geology, University of Johannesburg, Auckland Park 2006, South Africa. 
jaganmoyj@gmail.com 
The 3.4 Ga old Archaean greenstone belts of the Kaapvaal craton, South Africa, and Pilbara 
craton, Western Australia, have been investigated comprehensively to elucidate the origin of 
early life. Arguments to establish an indisputable trace of biological life have led to several 
decades of research on these areas. Bonafide microfossils and microfossil assemblages, such 
as reworked microbial mats [1], organic-walled microfossil assemblages [2, 3], and 
filamentous microfossils [4] have been documented from different Paleo-Mesoarchaean 
volcano-sedimentary successions of both cratons, allowing a valuable insight into early life on 
Earth. 
In this work, we evaluate and appraise a well-preserved record of early life from the 3.51 Ga 
Paleoarchaean greenstone belt of the Singhbhum Craton, India and compare it with the Buck 
Reef Chert (3416 Ma), Barberton greenstone belt, South Africa, and the Strelley Pool Chert 
(3426 Ma), Western Australia. The Singhbhum craton has an Archaean geological history 
remarkably similar to the Kaapvaal craton. The oldest rocks currently known in the Singhbhum 
craton include 3.5 Ga old TTG gneisses and greenstone belts. The Daitari greenstone belt of 
southern Singhbhum has experienced only low-grade metamorphism and includes a well 
perpetuated submarine volcano-sedimentary succession of mafic-ultramafic rocks and 
intercalated banded cherts and iron formation. Felsic volcaniclastic rocks dated at 3.51 Ga [5] 
allow direct comparisons with the lower portions of the Onverwacht and Nondweni groups of 
the Kaapvaal craton.  
Conventionally, sedimentary chert units have been examined in the Palaeoarchaean to 
understand the nature and association of carbonaceous matter. Sedimentary chert horizons 
of the Daitari belt overly sea-floor alteration zones and host signatures for the oldest habitat 
of early life in the form of well-retained carbonaceous matter. Carbonaceous matter 
recognized within the various chert units can be categorized based on its occurrence, 
association and also its concentration of carbonaceous aggregates. The carbonaceous matter 
is preserved as: (1) composite carbonaceous grains, (2) reworked carbonaceous clasts, and 
(3) finely laminated carbonaceous layers. The carbonaceous matter within the chert of the 
Daitari belt shows textural, morphological and diagenetic similarities with the well-studied 
405 
 
carbonaceous matter from the Buck Reef Chert and Strelly Pool Formation [6, 7]. Field, 
petrographic, and geochemical studies suggest primary biogenic processes for the origin of 
carbonaceous matter present within the chert horizons from Daitari. 
The Palaeoarchaean rock record provides glimpses of an active biological niche, highlighting 
it’s importance in the search for new traces of life and understanding early Earth processes. 
The volcano-sedimentary succession of the Singhbhum craton may hold the key to several 
unsolved riddles of the past, including early geobiological constraints, depositional 
environments and tectonic settings related to the emergence of Earth as a habitable planet 
around 3.5 Ga.  
References: 
[1] Tice MM, Lowe DR (2004) Nature 431, 549-552 
[2] Javaux et al. (2010) Nature 463, 934-938 
[3] Sugitani et al. (2015) Geobiology 13, 507-521 
[4] Walsh et al. (1999) GSA Special Paper 329, p. 115-132  
[5] Mukhopadhay et al. (2008) J Geol 116: 449-461 
[6] Tice MM & Lowe DR (2006) Earth-Sci. Rev. 76, 259-300  





Decoding the Palaeoarchaean record of the Daitari greenstone belt, India: a 
quest for early life 
 Jodder, J.1, Hofmann, A.1, Xie, H. 2, Wilson, A.3, Butler, M.4 
1 Department of Geology, University of Johannesburg, South Africa; jjodder@uj.ac.za 
2 Beijing SHRIMP Centre, Chinese Academy of Geological Sciences, China 
3 Department of Geosciences, University of the Witwatersrand, South Africa 
4 iThemba LABS, Johannesburg, South Africa 
  
 
The extensively studied Palaeoarchaean rocks of the Barberton greenstone belt, Kaapvaal 
craton, and the Pilbara craton, Western Australia, provide direct geologic evidence of the 
nature and evolution of early Earth processes, and the habitat of early life. Even older, but 
higher-grade metasedimentary succession are reported from the >3.7Ga Isua supracrustal belt 
of Greenland and the Nuvvuagittuq Belt in Quebec. Vestiges of early life have been postulated 
in both these regions based on inconclusive isotopic constraints. However, these rocks have 
undergone amphibolite facies metamorphism, obscuring geologic constraints on early Earth 
surface environment.  
In this study, we have examined hints of akin biosignatures from the low-grade carbonaceous 
cherts of the 3.51 Ga old Daitari belt of the Singhbhum craton, India. The Daitari greenstone 
belt of southern Singhbhum has experienced only low-grade metamorphism and includes a 
well-perpetuated submarine volcano-sedimentary succession of mafic-ultramafic rocks, 
felsic volcanics dated at 3.51 Ga, and intercalated banded cherts, shales and iron formation. 
The Daitari greenstone belt thus provides a new window into the early Earth. Detailed field, 
petrographic and geochemical studies of chemical sedimentary rocks of the Sindurimundi 
Parbat Formation, consisting of carbonaceous chert and BIF, reveals their strong similarity 
with the Buck Reef Chert of the Barberton belt and suggest primary biogenic processes for the 
origin of carbonaceous matter. Carbonaceous matter preserved in these cherts is 
preserved as: (1) composite carbonaceous grains, (2) reworked carbonaceous clasts, and (3) 
finely laminated carbonaceous layers. Carbon isotopic composition of the carbonaceous 
sediments are highly depleted in δ13C ranging from -34‰ to -21‰, which advocates for the 
organic matter to have derived biologically in a shallow water environment. Further, evidence 
of spindle-shaped microfossils from these cherts are highly indicative of an active biological 








Early traces of life preserved in 3.51 Ga old cherts of the Daitari 
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The Daitari Greenstone Belt (DGB) of the Singhbhum 
Craton in India contains a remarkably well preserved 
Palaeoarchaean volcano-sedimentary succession subjected 
to only low-grade metamorphism. Mafic-ultramafic and 
felsic volcanic rocks dated at 3.51 Ga using U-Pb in zircon 
are intercalated with chert, shale, and iron formation. 
Carbonaceous cherts are represented as laminated, granular, 
and banded black-and-white varieties. Petrologically and 
geochemically, the carbonaceous cherts of the DGB have 
close similarities with those from the Barberton belt, South 
Africa, and East Pilbara Craton, Australia, but predate those 
by several tens of millions of years. 
Cherts of the DGB are associated with silicification of 
underlying volcanic rocks and show rare earth element 
signatures indicative of marine conditions and hydrothermal 
activity. Carbonaceous matter occurs as thin lamina and 
granular aggregates, and rarely preserves microbial 
morphologies, including spindle-shaped features. Total 
organic carbon (TOC) content of carbonaceous cherts ranges 
from 0.03-1.14 wt. %. Carbon isotopic compositions range 
from -34 to -21‰ VPDB. Occurrences of microfossil-
bearing chert units associated with abundant OC and light 






Archaean greenstone belts of the Singhbhum Craton, India-windows into early 
Earth 
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Archaean greenstone belts offer the opportunity to study the dynamic conditions on early 
Earth. The Singhbhum Craton of India hosts several volcano-sedimentary greenstone 
sequences that preserve Archaean rocks locally exceeding 3.5 Ga. We present a compilation 
of field, petrographic and geochronological results of the so far poorly documented 1) Udal 
Greenstone Belt (UGB) and 2) Hadgarh Greenstone Belt (HGB).  Major similarities with the 
well-studied Daitari Greenstone Belt (DGB) include mafic-ultramafic sequences near the 
preserved base that are followed by younger felsic volcanic rocks and sedimentary units. 
These greenstone belts host altered carbonated/silicified volcanic rocks and cherts, an 
assemblage typical for Palaeoarchaean successions. The cherts include bedded 
orthochemical sediments, silicified shales, silicified volcaniclastic rocks, and hydrothermally 
derived vein cherts. In all belts, the cherts preserve carbonaceous matter, which provide 
evidence for microbial life as old as c. 3.5 Ga ago. Raman thermometry of carbonaceous 
matter suggests lower greenschist facies metamorphism.  The Udal belt hosts economic ore 
deposits (e.g. iron and minor gold), similar to the DGB. In contrast, despite their akin 
lithological assemblages the Hadgarh belt is yet to be prospected for such economic deposits. 
Therefore, understanding the geologic evolution of these greenstone belts will be crucial to 





On the co-evolution of the Singhbhum and Kaapvaal cratons in the 
Archaean 
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__________________________________________________________________ 
The Singhbhum craton of India has an Archaean geological history remarkably similar to the 
Kaapvaal craton. The most ancient rocks currently known in the Singhbhum craton include 
3.5 Ga old TTG gneisses and greenstone belts, the latter known as the southern and eastern 
Iron Ore Group (IOG). These include well preserved submarine volcano-sedimentary 
successions of ultramafic-mafic-felsic rocks and intercalated banded cherts and iron 
formation. Palaeoarchaean successions wrap around, or are intruded by the Singhbhum 
granite complex, an assemblage of TTG and granite, the youngest suite of which is 3.1 Ga 
old. Its emplacement was associated with stabilization of the central part of the Singhbhum 
craton, in much the same way as the widespread intrusion of 3.1 Ga granites of the Kaapvaal 
craton. 
The Singhbhum and Kaapvaal cratons acted as stable basement for the development of 
continental rift and cover successions from 3 Ga onwards. The western IOG and a number of 
poorly characterized quartzite-rich units of the Singhbhum craton were deposited at about the 
same time as Dominion, Pongola and Witwatersrand strata of the Kaapvaal Craton, with which 
they share many characteristics. The western IOG consists of a package of shallow-marine 
quartzite, continental flood basalts, and a ferruginous/manganiferous shale-BIF succession. 
While Witwatersrand-style placer gold and uranium remains uneconomic in India, 
Mesoarchaean iron and manganese deposits are widely exploited in India. A study of the 
geological co-evolution of the two cratons will allow to better constrain the processes that 
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Pristine Archaean rocks that have undergone only low-grade metamorphism date back to ~ 
3.5-3.4 Ga and are potential targets for investigation of any direct tracers of life. Considering 
the scarcity of well-preserved Archaean supracrustal rocks, it is imperative to reconcile the 
rare microfossil assemblages reported so far. Here, we present some of the oldest evidence 
of early life from South Africa, Australia, and India respectively. Conditions on the early Earth 
were hostile with intense UV radiation, bolide impacts, and high heat flux, yet groups of cells 
managed to adapt and thrive.  
The evolution of different metabolic pathways is the obvious route by which cells coped with 
environmental pressures; however, the social lives of these early cells were just as important. 
Cooperation and sociality are a well-known mechanism for dealing with environmental stress, 
but how this played out in the earliest prokaryote groups is unknown. The palaeontological 
evidence for microbial cooperation can be identified structurally and functionally. Cell proximity 
and population structures are maintained by cells staying together through cell wall linkages 
or extracellular materials. Cells may also come together in aggregates. Functional 
dependencies can be revealed by observing fossilized cellular chains, clusters, or spirals. 
Functional interactions can be inferred based on the metabolic signatures identified in colonies 
or individuals. Despite documentation of a diverse microbial community from the Archaean, 
an approach to microbial community ecology and eukaryogenesis that combines phylogenetic 
studies with paleontological, geochemical, and sedimentological evidence is lacking. 
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3.51 Ga old felsic volcanic rocks and carbonaceous cherts from the 
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A B S T R A C T   
In the Singhbhum Craton of India, Palaeoarchaean greenstone sequences have so far been reported from the 
south of the craton. In this study, we report a precise 3510 ± 3 Ma U-Pb LA-ICP-MS zircon age from a well- 
preserved felsic volcaniclastic unit of the Gorumahisani Greenstone Belt (GGB) exposed in the north-eastern 
part of the craton. The volcano-sedimentary sequence of the GGB comprises a typical Palaeoarchaean green-
stone succession of submarine ultramafic to felsic volcanic rocks intercalated with banded iron formation and 
abundant carbonaceous chert. Chert of the GGB comprises banded black-and-white chert, granular chert, 
laminated chert and massive black chert, in striking similarity to Palaeoarchaean greenstone successions in South 
Africa and Australia. Raman spectroscopy of carbonaceous matter yielded an average of ~460 ◦C as an estimate 
for the peak metamorphic temperature in the study area. The good preservation and only greenschist-facies 
metamorphic conditions make the GGB an interesting target for Early Earth studies.   
1. Introduction 
Over the past few decades, extensive research conducted on arche-
typal Palaeoarchaean greenstone successions of South Africa and 
Australia have yielded crucial information for the reconstruction of 
Early Earth surface processes and paleoenvironments (Byerly et al., 
2019; Hofmann et al., 2019; Van Kranendonk et al., 2019). Detailed 
investigations of these ancient terrains have established that Palae-
oarchaean microbial life was preserved in the form of carbonaceous 
remains trapped in cherts (Tice and Lowe, 2004, 2006; Hofmann and 
Bolhar, 2007; Sugitani, 2019; Alleon and Summons, 2019 and references 
therein). 
In the Singhbhum Craton of India, an exclusive example of low- 
strain, greenschist facies metamorphic grade rocks of Palaeoarchaean 
age are reported from the Daitari Greenstone Belt (Mukhopadhyay et al., 
2008, 2012). In addition, the north-eastern part of the Singhbhum 
Craton exposes a well-preserved Palaeoarchaean volcano-sedimentary 
succession in the Gorumahisani Greenstone Belt (GGB; Fig. 1), which 
is distributed across the Indian states of Jharkhand and Orissa 
(Mazumdar, 1996; Jena and Behera, 2000). The broadly N-S trending 
GGB consists of an isoclinally folded sequence of metavolcanic and 
metasedimentary rocks that wrap around and are intruded by a variety 
of Archaean granitoids (Chakrabarti et al., 2017), giving rise to a com-
plex outcrop pattern. The supracrustal rocks include submarine mafic- 
ultramafic volcanic rocks near the inferred base that are followed by 
felsic volcanic rocks and sedimentary units upwards in the stratigraphy 
(Dunn, 1929; Dunn and Dey, 1942; Sengupta, 1990; Jena and Behera, 
2000). While the geology has been mapped (Dunn and Dey, 1942), de-
tails of the stratigraphy of the GGB remain to be established, and 
radiometric ages are lacking. This study reports results from a recon-
naissance investigation of a small part of the volcano-sedimentary 
sequence near the villages of Udal and Kundarkocha (Fig. 1) that pro-
vides constraints on its age and metamorphic grade. 
We begin with a review of current knowledge of the Singhbhum 
Craton and the regional geology of the GGB. Our aim was to investigate 
if the GGB hosts well-preserved clastic and orthochemical sediments of 
low metamorphic grade that could be a potential target for palae-
obiological investigations. Therefore, this study not only offers a foun-
dation for future work to be conducted in the light of geological 
evolution of these remarkably preserved, yet poorly documented ancient 
supracrustal rocks from the Singhbhum Craton. But in addition, it pro-
vides a new window into the Palaeoarchaean Earth and compare ancient 
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Fig. 1. Geological map of the northern part of the Gorumahisani Greenstone Belt, Singhbhum Craton, India. Modified after 1:126,700 scale geological map of Dunn 
and Dey (1942) and Saha (1994). Note inset map of the GGB highlighted in stippled black line. 
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supracrustal sequences now from India, South Africa, and Australia. 
2. Regional geology of the Singhbhum Craton 
The Singhbhum Craton is becoming increasingly known as an 
important piece of Archaean crust with a well-preserved rock record 
(Sarkar and Saha, 1962; Sarkar et al., 1969; Iyenger and Murthy, 1982; 
Saha, 1994; Misra et al., 1999; Jena and Behera, 2000; Mukhopadhyay, 
2001; Misra, 2006; Olierook et al., 2019). The Palaeoarchaean crustal 
evolution of the Singhbhum Craton is recorded in the Older Meta-
morphic Tonalite Gneiss and the Singhbhum Granite Batholitic Complex 
that together constitute the intrusive magmatic suite of rocks respon-
sible for crustal growth from 3.53 to 3.28 Ga. Supracrustal rocks are 
found in greenstone belts (e.g., Gorumahisani-Badampahar and Daitari 
belts) and the Older Metamorphic Group. 
2.1. Older Metamorphic Tonalite Gneiss (OMTG) suite 
This suite of rocks largely comprises tonalite-trondhjemite- 
granodiorite (TTG) gneisses, which contains enclaves of amphibolite 
and Older Metamorphic Group and is intruded by the Singhbhum 
Granite Batholitic Complex. The Older Metamorphic Tonalite Gneiss 
suite is well-exposed in the north-eastern part of Singhbhum Craton (e. 
g., Kalikapur, parts of Barhai-Onlajori and Rairangpur, Fig. 1). Two 
samples from this area provided discordia upper intercept U-Pb zircon 
ages of 3448 ± 19 Ma and 3527 ± 17 Ma (Acharyya et al., 2010), the 
latter representing the oldest age currently known from these rocks. As 
reviewed by Olierook et al. (2019), the emplacement age of the Older 
Metamorphic Tonalite Gneiss suite is considered to range from c. 3.53 to 
3.36 Ga. Interestingly, xenocrystic zircons of Hadean age (c. 4.24 to 4.0 
Ga) with sub-chondritic (εHf(t) < 0) values in ~3.40 Ga gneisses have 
been argued for the presence of a felsic crust of Hadean age in the 
Singhbhum Craton (Chaudhuri et al., 2018). 
2.2. Palaeoarchaean supracrustal rocks 
The Gorumahisani-Badampahar and Daitari belts are composed of 
volcano-sedimentary sequences collectively referred to as the Badam-
pahar Group (Iyenger and Anand Alwar, 1965; Iyenger and Murthy, 
1982; Jena and Behera, 2000). Common volcanic rocks comprise 
komatiite, pillow basalt and felsic volcaniclastic rocks, but the succes-
sion also includes chemical sedimentary rocks, such as banded iron 
formations that locally comprise important high-grade iron ore deposits 
(Chakraborty et al., 1980; Acharya, 2002; Ghosh and Baidya, 2017; 
Ghosh et al., 2019). Despite its economic significance, there is a lack of 
knowledge on stratigraphic relationships, let alone reliable age data or 
geochemical and petrological datasets. The only accurate age currently 
available from the Badampahar Group is a 3.51 Ga zircon age from felsic 
volcanic rocks (Mukhopadhyay et al., 2008) of the Daitari Greenstone 
Belt (DGB), whereas no radiometric ages are available for the volcano- 
sedimentary rocks of the Gorumahisani belt. 
2.3. Older Metamorphic Group (OMG) suite 
This suite includes a variety of supracrustal rocks metamorphosed at 
amphibolite-facies grade. They typically include amphibolite, metachert 
and mica schist, compositionally similar to greenstone assemblages 
(Jena and Behera, 2000; Hofmann and Mazumder, 2015). A meta- 
sandstone from the Older Metamorphic Group from the central part of 
the Singhbhum Craton yielded U-Pb zircon age at c. 3375 ± 3 Ma (U–Pb 
SHRIMP), which provides a maximum depositional age for the Older 
Metamorphic Group (Nelson et al., 2014). Upadhyay et al. (2014) pro-
vided a concordant U–Pb age of 3317 ± 8 Ma from a metamorphic rutile 
of the Older Metamorphic Group from the same area. The Older Meta-
morphic Group suite in the northern part of the Singhbhum Craton is 
well-exposed south of Haludpukur (i.e., near Kuyali locality, Fig. 1). 
2.4. Singhbhum Granite Batholitic Complex (SGBC) suite 
The Singhbhum Granite Batholitic Complex covers an area of 8000 
km2 and is best exposed in the south-central part of the Singhbhum 
Craton. Singhbhum Granite Batholitic Complex consists of biotite 
granodiorite to adamellite, which according to Saha (1994) can be 
divided into an earliest granodiorite-trondhjemite phase-I followed by 
younger (phases II-III) of K-rich granodiorites and monzogranites. 
Granitoids of the Singhbhum Granite Batholitic Complex are often 
intrusive into the gneiss and supracrustal suite of rocks described above 
(Dey et al., 2019). They are argued to have been emplaced between c. 
3.38 Ga and 3.25 Ga (Nelson et al., 2014; Dey et al., 2017, 2019, 2020; 
Mitra et al., 2019; Pandey et al., 2019), with no clear criterion to 
distinguish between the late phase of Older Metamorphic Tonalite 
Gneiss magmatism with the earliest Singhbhum Granite Batholitic 
Complex (Dey et al., 2017, 2019; Upadhyay et al., 2019). 
3. Geology of the Gorumahisani Greenstone Belt 
The Gorumahisani-Badampahar belt is a 120 km-long narrow belt 
exposed in the north-eastern part of the Singhbhum Craton (Jena and 
Behera, 2000). The northern, bifurcating arm of the GGB is NW-SE 
oriented and well exposed near Gorumahisani (Fig. 1; Jena and 
Behera, 2000). The NNE-SSW-trending southern arm of the greenstone 
sequence is nearly 10 km-wide and stretches for 50 km south of Rair-
angpur. Sylvester et al. (1997) defined greenstone belts based on the 
predominance of mafic-ultramafic rocks with sub-ordinate occurrences 
of sedimentary units, such as shale, greywacke, chert and iron- 
formation. Archetypal greenstone belts worldwide have been named 
after type localities, such as the Barberton greenstone belt after the town 
of Barberton in South Africa (Viljoen and Viljoen, 1969). Therefore, we 
propose to name the Gorumahisani-Badampahar belt exposed nearby 
Gorumahisani, a mountain range and renowned iron-ore mining town-
ship, as the “Gorumahisani Greenstone Belt” and in order to differentiate 
it from the Badampahar Group that defines its stratigraphy. 
3.1. Badampahar Group 
The present study was undertaken in the northern segment of the 
GGB (Fig. 1). The Badampahar Group is dominated by mafic-ultramafic 
volcanic rocks together with felsic volcanic rocks, cherts and iron- 
formation. Mafic-ultramafic rocks are now mostly represented by var-
iably carbonated and silicified talc-serpentine-chlorite-tremolite and 
hornblende schists (Dunn and Dey, 1942; Sarkar and Saha, 1962; Sen-
gupta et al., 1997; Jena and Behera, 2000; Hazarika et al., 2013). Dunn 
and Dey (1942) regarded tremolite-chlorite schists to largely represent 
metabasalts, whereas carbonated serpentinite schists near Gor-
umahisani represent metamorphosed ultramafic rocks. Spinifex- 
textured komatiites have been described locally (Acharyya, 1993; Sen-
gupta, 1990; Bhattacharya et al., 1996; Yadav et al., 2015; Chaudhuri 
et al., 2017; Chakrabarti et al., 2017). Both Al-depleted and Al- 
undepleted komatiites have been reported from north of Gor-
umahisani near Kapili village (Chaudhuri et al., 2017). Flattened and 
deformed pillow basalts are abundant in the central part of the GGB 
(Chakrabarti et al., 2017). A limited geochemical dataset of mafic rocks 
from the Gorumahisani-Badampahar area was presented by Sengupta 
et al. (1997) and indicates a tholeiitic affinity. Felsic volcanic units 
comprising agglomerates and fine-grained tuffs form narrow conform-
able slivers in the succession. 
Mafic-ultramafic rocks are intercalated with metre-thick sedimen-
tary units, including green chert, black chert, banded black-and-white 
chert and phyllite, which together with the presence of pillows, have 
been collectively regarded to indicate overall submarine volcanism in 
the belt (Jena and Behera, 2000). The upper part of the stratigraphy 
primarily comprises volcanogenic sediments (Sengupta et al., 1997). 
Mostly orthochemical sedimentary rocks are abundant in the northern 
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part of the belt, but are scarce towards the south (Jena and Behera, 
2000). Orthochemical sediments such as banded hematite-quartzites (a. 
k.a. jasperlitic chert) are reported from the different sequences of the 
volcano-sedimentary succession, the latter is associated with iron-ore 
deposits in the GGB (Dunn, 1937; Dunn and Dey, 1942; Ghosh and 
Baidya, 2017; Ghosh et al., 2019). Due to local metamorphic effect of the 
associated granites, hematite-quartzite is often recrystallized to banded 
grunerite rock (Dunn and Dey, 1942). Siliciclastic sedimentary rocks in 
the GGB are predominantly made of carbonaceous phyllite, which 
nearby Kundarkocha are associated with talc-chlorite-biotite schists and 
Cr-mica schists. Carbonaceous phyllites host gold in quartz-carbonate- 
sulfide veins (Hazarika et al., 2013; Sahoo and Venkatesh, 2015). 
3.2. Dhosrapahar conglomerate-quartzite succession 
The Dhosrapahar Formation, best exposed in the southern part of the 
belt, is a sequence of conglomerate and quartzite unconformably over-
lying, but infolded with, the Badampahar Group (Mazumdar, 1996; Jena 
and Behera, 2000), which contains minor gold and uranium minerali-
zation (Das et al., 1988). The Dhosrapahar Formation is marked by a 
polymictic conglomerate that consists of clasts of altered schists, BIF and 
chert, which are largely derived from the underlying greenstone 
sequence (Nelson et al., 2014; Chakrabarti et al., 2017). Detrital gold 
and uraninite present in the Dhosrapahar Formation are also interpreted 
to have been sourced from the underlying mafic/ultramafic rocks of the 
Badampahar Group (Chakravarti et al., 2017). The maximum age of 
deposition of the Dhosrapahar Formation is constrained by the obser-
vation that it unconformably lies on a c. 3285 ± 7 Ma old granodiorite 
(Chakrabarti et al., 2017). Further, recently reported detrital U-Pb 
zircon ages from a conglomerate unit of the Dhosrapahar Formation 
exposed south of Gorumahisani provided major detrital zircon age peaks 
ranging from 3.45 to 3.30 Ga, while the youngest concordant grain 
dated at c. 3.29 Ga (Ghosh et al., 2019) provides a maximum deposi-
tional age for this conglomerate-quartzite succession. 
3.3. Granitoid gneiss-granite suite surrounding the GGB 
A variety of granitoid gneisses and granites surround the GGB (Fig. 1; 
Misra et al., 1999; Nelson et al., 2014; Upadhyay et al., 2014, 2019; 
Chaudhuri et al., 2018; Dey et al., 2019). Trondhjemitic gneisses and 
granodiorites near Gorumahisani-Rairangpur towns have been regarded 
to show intrusive relationship with the Badampahar Group (Sengupta, 
1990; Nelson et al., 2014). Granitoid-granite suite exposed west of 
Gorumahisani dated at c. 3332 ± 5 Ma, post-dates the emplacement of 
the ultramafic rocks of the GGB (Sengupta et al., 1997; Nelson et al., 
2014; Dey et al., 2017). Additionally, an unfoliated monzogranite with 
age of 3285 ± 7 Ma marks the youngest intrusive phase of SGBC phase-I 
near GGB (Nelson et al., 2014; Chaudhuri et al., 2018). An undeformed 
granophyre-granite complex, widely known as the Mayurbhanj granite, 
intruded the greenstone succession at around c. 3087 ± 3 to 3080 ± 8 
Ma, (Fig. 1; Misra et al., 1999; Nelson et al., 2014). Chakraborti et al. 
(2019) and Misra et al. (1999) suggested that Mayurbhanj and coeval 
granite complexes are representative of Mesoarchaean anorogenic/post- 
collisional magmatic event, which marks a widespread felsic magma-
tism followed by stabilization of the Singhbhum Craton. 
3.4. Structure and mineralization 
An initial stage of deformation (D1) resulted in development of tight- 
isoclinal folds of the greenstone sequence and related schistosity is 
preserved as S1 fabric defined by axial planar foliation within the met-
avolcanic and metasedimentary rocks. This schistosity is parallel to 
compositional layering, which is often seen to be sub-vertical; the fold 
axis shows a steep north-eastern plunge (Sengupta et al., 1997; Jena and 
Behera, 2000). The second stage of deformation (D2) is recorded by an 
axial planar spaced cleavage (S2) of SE plunging regional folds, which 
controls the topography of the area (Jena and Behera, 2000; Hazarika 
et al., 2013). The OMTG suite and SGBC granitoid-granite suite sur-
rounding the GGB older than c. 3.3 Ga, show well-developed foliation 
(Acharyya et al., 2010; Chaudhuri et al., 2018). In addition to this, the 
Dhosrapahar sedimentary unit with a maximum age of c. 3.29 Ga, near 
Badampahar is isoclinally folded and co-axial with D1 and D2 phases of 
deformation. The third stage of deformation (D3) resulted in open folds 
(Ghosh et al., 2019). The c. 3.01 Ga old undeformed Mayurbhanj granite 
is intrusive into the GGB, thus post-dating the several deformation 
events of the GGB (Acharyya et al., 2010; Chakrabarti et al., 2017; 
Ghosh et al., 2019). Sahoo and Venkatesh (2015) studied the occur-
rences of gold from the Kundarkocha mine and suggested that gold 
mineralization was closely linked to sheared quartz-carbonate-sulfide 
veins in carbonaceous schist and phyllite together with talc-chlorite- 
serpentine schist in the GGB. Gold mineralization in the Kundarkocha 
area is structurally controlled (Dunn, 1941; Ziauddin and Nar-
ayanaswami, 1974) and related to ENE-oriented auriferous smoky- 
quartz veinlets parallel to axial planar fold (Prasad, 1988). 
3.5. Alteration and metamorphism 
The GGB was subjected to multiple alteration events, including an 
early phase of evenly distributed silicification and/or carbonation, 
which was later followed by regional metamorphism (Dunn and Dey, 
1942). Chert was largely regarded as a secondary rock that formed due 
to silicification of shale/phyllite (Dunn and Dey, 1942; Ziauddin and 
Narayanaswami, 1974). Dominant mineral assemblage and geo-
thermometry studies have estimated metamorphic conditions ranging 
from greenschist to lower-amphibolite facies grade (Prasad Rao et al., 
1964; Saha, 1994; Sahoo and Venkatesh, 2014). Nelson et al. (2014) 
noted the regional metamorphism in the GGB around c. 3.3 Ga. This is in 
accordance with recently dated metamorphic rutile from the Older 
Metamorphic Group suite at c. 3.3 Ga that reflects post-peak- 
metamorphic cooling subsequent to high-grade metamorphism of the 
Older Metamorphic Group schists exposed in the western part of the 
Singhbhum Craton (Upadhyay et al., 2014). Geothermometry studies 
have been conducted on sulfides associated with carbonaceous phyllites 
in Kundarkocha area; loellingite-arsenopyrite and arsenopyrite + pyrite 
+ pyrrhotite thermometry provided temperature estimates of 560 ◦C to 
360 ◦C ± 40 ◦C respectively. These geothermometry results were argued 
to indicate prograde to retrograde metamorphic conditions in the Kun-
darkocha area (Sahoo and Venkatesh, 2014). 
4. Sampling and methodology 
Samples used in this study include one felsic volcaniclastic rock 
(GUD-3) and three chert samples (GUD-1D, 2B and 7C) collected near 
Udal and Kundarkocha village (see Supplementary material S1 for de-
tails). All samples were prepared for polished thin sections and studied 
using optical microscopy. Raman spectroscopy was applied to the chert 
samples. Sample GUD-3 was processed for geochemical and geochro-
nological analyses. 
4.1. Whole-rock major oxide and trace element analyses 
A fresh sample of felsic volcaniclastic rock (GUD-3) was pulverized 
using an agate mill for major and trace-element geochemistry. Major 
elements were measured using XRF facility at Spectrum Lab, University 
of Johannesburg. Trace element analyses were determined at the School 
of Geosciences, University of the Witwatersrand, using a Perkin Elmer 
Sciex ELAN DRC-e Inductively Coupled Plasma-Mass Spectrometer, 
against primary standard solutions and validated against certified 
standard rock materials. Details of the analytical procedures can be 
found in Siahi et al. (2018). 
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4.2. Zircon U–Pb and Lu–Hf isotope analyses 
Zircon crystals were separated using standard techniques, such as 
panning and magnetic separation. Individual zircon crystals were hand- 
picked and mounted on epoxy resin discs, which were polished to expose 
the internal parts of zircon crystals. Prior to analysis, cath-
odoluminescence (CL) imaging of the zircons was undertaken to reveal 
internal textures and growth stages on a Tescan Vega scanning electron 
microscope (SEM) to select the best positions for LA-ICP-MS U-Pb 
analysis. This was followed by U-Pb and Lu-Hf isotope analysis by laser 
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS, see 
Supplementary file S1 for information on analytical procedures). 
4.3. Laser Raman analyses 
Raman spectroscopy was conducted on two chert samples (i.e., GUD- 
1D, 2B) collected from Udal and a silicified carbonaceous phyllite (GUD- 
7C), south of Kundarkocha gold mine to understand the degree of 
preservation of the carbonaceous matter in these rocks and estimate 
their metamorphic grade. Details of the analytical procedure are pro-
vided in the Supplementary file S1 and corresponding Raman spectra 
results can be found in Supplementary file S4. 
5. Results 
5.1. Lithologies and field relationships 
In this study, we investigated a small segment of the greenstone 
sequence in two areas in the northern part of the GGB. The first area is 
south of Kundarkocha gold mine and largely comprises mafic-ultramafic 
rocks intercalated with cherts and silicified carbonaceous phyllites. The 
second area is situated north-east of Udal village, where steeply dipping 
banded chert forms a prominent ridge. Chert is intercalated with felsic 
volcaniclastic rocks and younging is towards the west. 
Fig. 2. a) Deformed ocelli-bearing pillow basalt. b) Close-up view of ocelli-bearing basalt. c) Fragments of silicified ultramafic rock embedded in a vein-fill of black 
chert. Orange stippled lines show the silicified ultramafic clasts outlines. Note the presence of angular black vein chert, which is shown by white stippled line. 
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5.1.1. Kundarkocha 
The Kundarkocha area hosts variably altered ultramafic rocks and 
deformed ocelli-bearing pillow-basalts (Fig. 2a-b), which are associated 
with green chert, massive black chert and silicified carbonaceous phyl-
lites. Carbonaceous cherts are largely represented by planar laminated 
and massive varieties. Massive black chert in places is represented by 
several metres wide veins that contain irregular host rock fragments, 
such as silicified ultramafic rock and black chert fragments (Fig. 2c). 
Angularity of the fragments, and common preservation of a jigsaw fit 
suggests hydraulic fracturing in a hydrothermal system (cf. Hofmann 
and Bolhar, 2007; Ledevin et al., 2015). 
5.1.2. Udal 
Felsic volcaniclastic rocks studied north of Udal village underlie a 
prominent chert unit largely made of bedded black-and-white banded 
chert. Felsic volcaniclastic rocks are strongly foliated but in places 
Fig. 3. a) Felsic agglomerate with volcanic bombs in tuffaceous matrix. b) Close-up view of silicified bomb and lapilli. c) Black chert vein cutting across banded 
black-and-white chert. Note the vein outline is indicated by stippled white lines in the photograph. d) Bedded banded black-and-white chert. Yellow pen in the 
middle is ~10 cm in length. e) Chert slab-conglomerate. White chert clasts in black chert matrix indicates their early lithification. 
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preserve primary textures. They are represented by a heterogeneous 
assemblage of ash and larger volcaniclastic particles (Fig. 3a). The size 
of these clasts can reach up to ~20 cm in long axis, but typically they 
comprise medium- to fine-grained lapilli-size particles preserving quartz 
and plagioclase/orthoclase phenocrysts (Fig. 3b). The felsic volcani-
clastic unit is transected by abundant chert veins in a 2 m-wide, strongly 
silicified interval stratigraphically below banded black-and-white chert, 
a relationship used as reliable way-up indicator in the Udal area and 
elsewhere (cf. Hofmann and Bolhar, 2007). Cherts are dominated by 
banded black-and-white chert, massive black vein chert, and granular 
chert. Banded black-and-white chert (Fig. 3c) forms distinct alternating 
bands of black carbonaceous matter-rich and white pure-silica chert. In 
places, black chert veins filled largely with granular chert cross-cut the 
bedding at high angles, with stratiform veins sometimes branching of 
the main vein (Fig. 3c). 
5.1.3. Banded-black and-white chert 
Black-and-white banded chert observed in this study is a sedimentary 
rock with structures and textures identical to those described from other 
Palaeoarchaean greenstone belts from South Africa and Australia, such 
Fig. 4. Thin section photomicrographs of granular chert (a–d), felsic volcanic rock (e–f). a) Sub-spherical, sand-sized silica granule with trace carbonaceous matter 
(1), pure silica granule (2) and carbonaceous wisps (3). b) Enlarged image of a sub-spherical silica granule with trace carbonaceous matter, which is surrounded by 
fine grained carbonaceous-silica matrix. c) Lobate silicified carbonaceous grain (shown by white arow) that represent detrital/reworked clast of sediment rich in 
carbonaceous matter. d) Granular chert with flattened silica granules (marked by white arrow) and carbonaceous matter. e) Felsic volcaniclastic rock showing 
presence of angular quartz (white arrow) and fine sericite rich matrix (black arrow). f) Felsic volcaniclastic rock with chlorite-sericite matrix (white arrow) and 
altered plagioclase lath (black arrow). 
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as Barberton, Nondweni, Marble Bar and Panorama greenstone belts 
(Van Kranendonk et al., 2002; Tice and Lowe, 2006; Hofmann and 
Bolhar, 2007; Hofmann and Wilson, 2007). This type of chert consists of 
layers that range from several mm to about 12 cm in thickness (Fig. 3d). 
The white chert bands are massive to crudely planar laminated and are 
made up of microcrystalline quartz that is off-white in colour on 
weathered surfaces but translucent on fresh surfaces. The dark bands are 
glossy black in appearance and often form crudely to finely laminated 
layers made up of microcrystalline quartz with carbonaceous matter. 
Slab-like fragments of the white bands are often observed within a 
matrix of massive black chert. These chert slab conglomerates suggest 
early lithification of white chert followed by sediment disruption prior 
to lithification of black chert (Fig. 3e). The black chert is predominantly 
composed of carbonaceous matter and minor carbonate replaced by 
silica. Carbonaceous matter is mostly preserved as fine laminae often 
separated by thin layers of pure microcrystalline quartz, as well as sand- 
sized grains. 
5.1.4. Granular chert 
Granular chert occurs as stratiform layers or cross-cutting veins 
(Fig. 3c). Granular chert is often associated with banded black-and- 
white chert, where it forms the matrix of chert slab conglomerates. It 
comprises sand-sized carbonaceous grains, silica grains (Fig. 4a), and 
more fine-grained, evenly distributed carbonaceous matter in a micro-
crystalline silica cement (Fig. 4b). Silica grains often occur as sub- 
rounded to rounded grains largely devoid of carbonaceous matter, but 
occasionally preserve trace carbonaceous matter (Fig. 4a–b). In addition 
to silica granules, sand-sized, carbonaceous particles similar to the 
lobate grains of Walsh and Lowe (1999) are abundant in the granular 
chert facies (Fig. 4c). Otherwise, carbonaceous matter is preserved as 
tiny wisps, and/or finely distributed carbonaceous material as matrix 
(Fig. 4a–b). The former includes tightly packed carbonaceous matter, 
whereby their long axes are often sub-parallel to the bedding plane, 
which is composed of tiny aggregates of carbonaceous matter cemented 
by microcrystalline quartz and interpreted as compacted soft carbona-
ceous grains (Fig. 4d; cf. Walsh and Lowe, 1999; Tice and Lowe, 2006). 
Both sand-sized silica granule and carbonaceous matter are generally 
flattened parallel to bedding either due to compaction or later defor-
mation or both (Fig. 4d). 
5.2. Felsic volcaniclastic rock – Petrography and chemical composition 
Felsic volcaniclastic rock (GUD-3) studied under the microscope is 
mostly composed of K-feldspar, quartz, chlorite, sericite, muscovite 
(Fig. 4e), minor carbonate and accessory minerals, such as titanite, 
zircon, and Fe-Ti oxide. The quartz phenocrysts are sub-angular to sub- 
rounded and are set in a fine-grained sericite matrix with minor chlorite 
(Fig. 4f). Feldspar phenocrysts are frequently strongly sericitized 
(Fig. 4f). 
GUD-3 has a SiO2 content consistent with dacite or rhyolite (71.60 wt 
%), similar to dacitic volcanic rocks of the Daitari Greenstone Belt 
(Supplementary file Table S2). It has a high K2O content of 7.30 wt% and 
a K2O/Na2O ratio of 52.22, a feature likely related to Na removal by 
alteration common for Palaeoarchaean felsic volcanic rocks subjected to 
sea-floor alteration (Agangi et al., 2018). Intense sericitization and 
removal of Na associated with hydrothermal alteration have also been 
reported from the Daitari belt felsic volcaniclastic rocks (Mukhopadhyay 
et al., 2008, 2012). In a primitive mantle-normalized multi-element plot 
sample GUD-3 (Fig. 5a) shows negative anomalies for Sr, P and Ti and a 
broad negative Nb-Ta anomaly similar to felsic rocks from the Daitari 
Greenstone Belt. Potassium, Ba and Rb contents (Ba ≤ 937 ppm) are on 
average higher than felsic volcanic rocks of the Daitari belt. A chondrite- 
normalized rare earth element (REE) plot (Fig. 5b) shows enriched light 
rare earth elements (LREE) similar to felsic rocks from the Daitari 
greenstone sequence but more pronounced heavy REE fractionation 
represented by (Gd/Yb)N ~ 5.40. The low Sr value is likely related to 
feldspar alteration as indicated by the very low Na2O content of the 
sample. 
5.3. Zircon U–Pb age determination and Lu-Hf isotope data 
Zircon crystals comprise a homogeneous population of pink, euhe-
dral crystals that display oscillatory zoning under cathodoluminescence 
(Fig. 6). Zircon crystals are free of any visible cores. Their size ranges 
from 50 to 150 µm. Thirty-five spot analyses were conducted on thirty- 
three zircon crystals. Twenty-six analyses show a degree of concordance 
between 90 and 110% and provide 207Pb/206Pb ages ranging from 3531 
± 9 Ma to 3459 ± 12 Ma (Fig. 7a inset). Some of the younger grains are 
more discordant, while there are two age groups discernible. 
207Pb/206Pb dates of 20 zircon crystals are all concordant with very 
similar Th/U ratios (Fig. 7a), yielding an average 207Pb/206Pb mean age 
of 3510 ± 3 Ma (MSWD = 2.0 and 95% confidence; refer Supplementary 
Table S3), which we interpret as the emplacement age of the felsic 
volcanic rock. Four slightly older zircon crystals provided a mean 
207Pb/206Pb age of 3529 ± 8 Ma (MSWD = 0.053 and 95% confidence), 
which we interpret to reflect xenocrystic zircon crystals (Fig. 7b). 
Lu-Hf analyses of nineteen concordant zircons were performed 
directly on top of the U-Pb spots. The results are reported in a εHf(t) vs. 
age diagram (Fig. 7c), with chondritic uniform reservoir (CHUR) pa-
rameters of Bouvier et al. (2008), (176Lu/177Hf = 0.0336; 176Hf/177Hf =
0.282785) and depleted mantle (DM) evolution of Griffin et al. (2000), 
(176Lu/177Hf = 0.0384), assuming a linear evolution from c. 4.5 Ga 
Fig. 5. a) Primitive mantle-normalized trace element plot (McDonough and Sun, 1995) of GUD-3 (Supplementary table S2, dark orange) after superimposition of 
trace element data of the DGB dacite suite from Mukhopadhyay et al. (2012) (yellow background). b) Chondrite normalized trace element plot (Sun and McDonough, 
1985) of GUD-3 (dark orange) superimposed with REE data of the DGB dacite suite from Mukhopadhyay et al. (2012) (yellow background). 
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onwards with Lu/Hf ~ 0. Initial Hf compositions were calculated using 
the concordant U-Pb age of 3510 ± 3 Ma, with initial 176Hf/177Hf values 
that range from 0.280474 to 0.280523. The zircons analyzed show εHf(t) 
values between − 1.25 and 0.47 and are thus near chondritic. 
176Lu/177Hf ratios vary between 0.03654 × 10− 2 and 0.13808 × 10− 2 
(see Supplementary file Table S3). 
5.4. Raman characterisation of carbonaceous matter 
In this study, we analyzed carbonaceous matter (see Supplementary 
material S1 for details) of three chert samples (i.e., GUD 1D, 2B and 7C) 
to understand the degree of carbonaceous matter organization/crystal-
lization and to evaluate peak metamorphic conditions. The Raman 
spectra of the GGB cherts lack D3 and D4 bands, therefore, we adapted 
the model of Beyssac et al. (2002) to estimate the tentative geo-
thermometry. Representative spectra from each sample are shown in 
Fig. 8a, b and c). Peak temperatures (T; calculated according to equation 
(2)) were calculated using the R2 (Eq. (1)) ratio of Raman geo-
thermometer that is suitable for low to high-grade rocks ranging from 
330 ◦C to 650 ◦C (±50)◦C (Beyssac et al., 2002). R2 can be recorded by 
the relationship among band area (A) of three spectra (D1, D2, and G), as 
in equation (1). 
R2 = AD1/(AD1+AD2+AG) (1) 
with 
T = − 445 * R2+ 641 (±50◦C) (2) 
The first-order spectra of carbonaceous matter were decomposed 
into a three-peak model as adapted from Beyssac et al. (2002) at 
approximately 1350 cm− 1 (D1), 1604 cm− 1 (G), and 1626 cm− 1 (D2). 
The average band parameters and calculated ratios used for character-
ization of the carbonaceous matter are listed for all the analysed types of 
carbonaceous matter, and respective samples in Supplementary material 
S4. Raman spectra were acquired from different carbonaceous grains 
and surrounding carbonaceous matrix. Acquired Raman spectra are 
characterised in the first-order region by a well-developed D1- and G- 
band with minor up-shifted shoulder (D2 band). Two chert samples from 
the Udal area were analyzed: a black vein chert (GUD-1D) provided a 
temperature estimate between 450 and 475 (±50)◦C, and a stratiform 
granular chert (GUD-2B) yielded a temperature range of 460 to 484 
(±50)◦C. A carbonaceous chert (GUD-7C) of Kundarkocha locality, 
experienced thermal heating between 423 and 460 (±50)◦C. Raman 
spectra within each sample show an uncertainty of temperature range 
approximately 7 to 14 ◦C and R2 values within 0.016 to 0.031 (at 1-σ 
confidence level; see Supplementary file S4). We conclude that the 
cherts of the GGB reached an average peak temperature of 460 (±50)◦C, 
which indicates medium to upper greenschist facies metamorphism (cf. 
Kouketsu et al., 2014) in the study areas (Fig. 8a-c). 
6. Discussion 
6.1. Felsic magmatism of the Gorumahisani Greenstone Belt 
The GGB consists of a locally well-preserved Palaeoarchaean 
greenstone assemblage that includes komatiite, pillow-basalt, felsic 
volcanic/volcaniclastic rock, iron formation, and abundant banded 
chert. The age of 3510 ± 3 Ma obtained from the felsic volcaniclastic 
rocks is considered to reflect the time of felsic volcanism in a setting 
otherwise dominated by mafic to ultramafic volcanic activity. The age is 
indistinguishable from the age of 3507 ± 2 Ma reported by Mukho-
padhyay et al. (2008) for dacitic volcanic rocks from the DGB. In addi-
tion, the DGB shares stark similarity with the GGB in terms of overall 
lithologies present, although more detailed field and geochronological 
work is required to study these two geographically separated greenstone 
belts. The presence of zircon xenocrysts dated at 3529 ± 8 Ma in the 
felsic volcaniclastic rocks either indicate physical reworking of some-
what older felsic volcanic components that may be present in the GGB, 
or incorporation of slightly older felsic basement material in the magma 
source that must have had a similar crustal evolution as the zircons show 
the same Hf isotopic composition. The U-Pb zircon age of 3527 ± 17 Ma 
from a granitoid gneiss reported by Acharyya et al. (2010) from the 
Kalikapur area NE of the GGB (Fig. 1) is indistinguishable from the 
obtained U-Pb age of the felsic volcaniclastic rocks of the GGB. Hence, 
the granitoid may represent the plutonic equivalent to the felsic volcanic 
rocks in the GGB. 
Nearly 10% of detrital zircon ages obtained from Mesoarchaean 
Mahagiri/Keonjhar quartzite that non-conformably overlies the 
granitoid-greenstone basement of the Singhbhum Craton cluster around 
c. 3.53–3.51 Ga (Mukhopadhyay et al., 2014, 2016; Sreenivas et al., 
2019; Ranjan et al., 2020). This suggests widespread crust formation 
process in the form of felsic volcanism and/or plutonism in the 
Singhbhum Craton ~3.5 Ga ago. The chemical composition of the 3.5 Ga 
Gorumahisani felsic volcaniclastic rocks, although based on one sample, 
is broadly similar to those described from the DGB, but also from 
contemporaneous rock suites in South Africa and Australia. The MREE- 
HREE fractionation is suggestive of melt derivation from relatively deep 
in the crust in the garnet stability field or amphibole fractionation 
during magma evolution (Liou and Guo, 2019). Such highly fractionated 
TTG-like trace-element patterns in combination with a high K content 
may reflect melting of mafic crust subjected to seafloor alteration, 
including K-metasomatism (Agangi et al., 2015), as the origin of the 
felsic magma. A young, largely juvenile mafic source is also indicated by 
the absence of much older zircon xenocrysts and the zircon Hf data close 
to chondritic values. This is in accordance with Hf isotope data from 3.3 
to 3.5 Ga Singhbhum granitoids that generally are close to chondritic to 
supra-chondritic composition (Dey et al., 2017, 2019; Upadhyay et al., 
2019; Fig. 7c). Detrital zircon grains dated around c. 3.53 to 3.51 Ga also 
yielded chondritic εHf(t) values that range from − 1.0 to 3.1 (Sreenivas 
et al., 2019; Ranjan et al., 2020). This is in contrast to Hadean to 
Fig. 6. Representative cathodoluminescence (CL) images of magmatic zircon crystals from sample GUD-3, round spots illustrate the positions of U-Pb and Lu-Hf LA- 
MC-ICP-MS analyses with corresponding age 207Pb/206Pb (in Ma), and εHf(t) values. 
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Eoarchaean zircons grains found as xenocrysts or as detrital grains that 
generally show sub-chondritic εHf(t) values between − 9.7 and − 2.5 
(Chaudhuri et al., 2018; Miller et al., 2018; Sreenivas et al., 2019), 
arguing for the involvement of an older crust that so far remains elusive. 
It is however clear from field, petrographic, geochemical and geochro-
nological studies that around 3.5 Ga ago a widespread event of felsic 
magmatism involving juvenile sources took place in the Singhbhum 
Craton. 
Palaeoarchaean felsic volcanic rocks dated at c. 3.51–3.53 Ga are 
present in the lowermost part of the stratigraphic pile of the Onverwacht 
and Warrawoona groups of the Kaapvaal and Pilbara cratons, and both 
are marked by amphibolite facies metamorphism (Van Kranendonk 
et al., 2002; Kröner et al., 2013; Xie et al., 2012). Conversely, the felsic 
volcaniclastic rocks dated at c. 3.51 Ga from the GGB are meta-
morphosed to greenschist facies, and even older supracrustal rocks un-
derlying the felsic volcanic rocks are present. Therefore, the GGB offers 
an excellent window to investigate well preserved supracrustal rocks 
older than those found in the south-eastern part of the Kaapvaal Craton 
in South Africa and the Pilbara Craton of Western Australia. 
Fig. 7. (a-b) Concordia diagrams for LA-ICP-MS zircon analysis (Supplementary table S3) of felsic volcanic rock (GUD-3) of the Gorumahisani Greenstone Belt. a) 
Age ellipses for each analysis are defined by 1-sigma errors in 207Pb/235U, 206Pb/238U and 207Pb/206Pb; 20 concordant zircon crystals provided with a 207Pb/206Pb 
mean age of 3510 ± 3.0 Ma. b) Xenocrystic age representation of sample GUD-3, which is recorded by 4 concordant and near-concordant zircon crystals. c) Plot 
showing the εHf(t) values vs. U-Pb ages of magmatic zircon crystals from the felsic volcanic rock (GUD-3) of the Gorumahisani Greenstone Belt. 
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6.2. Timing of deposition of the GGB volcano-sedimentary sequence 
The age of the GGB can be bracketed by the U-Pb zircon age of felsic 
volcanic rocks dated here and the intrusive granitoid into the belt at c. 
3332 ± 5 Ma (Nelson et al., 2014). The proposition by Ghosh et al. 
(2019) that the Dhosrapahar sedimentary unit represents the base of the 
GGB and that the succession was deposited c. 3.25 to 3.10 Ga cannot be 
upheld. Several lines of evidence preclude such assumptions:  
1. Our study indicates the presence of felsic volcaniclastic rocks as old 
as c. 3.51 Ga within the greenstone package. The conglomerate- 
quartzite sequence dated by Ghosh et al. (2019) contains ~3.5 Ga 
old detrital zircons, which point to the felsic volcanic rocks having 
served as source material.  
2. Jena and Behera (2000) emphasized the absence of any siliciclastic 
sedimentary succession at the base of the Badampahar Group. They 
have noted an unconformable relationship between the greenstone 
succession and the overlying Dhosrapahar Formation.  
3. Nelson et al. (2014) and Chakravarti et al. (2017) reported abundant 
clasts of green chert, black chert and iron formation within the 
Dhosrapahar Formation conglomerates. Therefore, the presence of 
abundant greenstone-derived clasts in the conglomerate sequence, is 
evidence for its young age. Chakravarti et al. (2017) further reported 
on the occurrence of detrital gold within the conglomerate unit 
apparently sourced from the older greenstone sequence. 
6.3. Raman spectroscopy and metamorphism 
Carbonaceous matter preserved in carbonaceous cherts from the 
Kaapvaal and Pilbara cratons have been investigated to examine 
morphological and geochemical signals in the search for biosignatures 
(Walsh and Lowe, 1985; Walsh, 1992; Schopf, 1993; Ueno et al., 2006; 
Schopf et al., 2018). Organic material in any metasedimentary rock will 
have experienced burial, diagenesis and metamorphism that led to 
changes in the primary organic precursor (Beyssac et al., 2004; Sforna 
et al., 2014). With an increase in metamorphic conditions thermal 
maturation of carbon is intensified, which is recorded by the crystal-
linity of sp2 carbons that result into highly aromatic structures or 
microcrystalline graphite (Bustin et al., 1995; Tice et al., 2004; Sforna 
et al., 2014). Raman spectroscopy is a non-destructive method widely 
used not only to examine the structural order of altered organic material 
in carbonaceous sediments, but also to understand the regional meta-
morphic history of metamorphic terrains (i.e., Raman geothermometry). 
In addition, it provides insights into carbonaceous precursor material 
and its maturational pathways within the host rock (Tice et al., 2004; 
van Zuilen et al., 2007; Marshall et al., 2007; Sforna et al., 2014; Greco 
et al., 2018). Previous studies on carbon preserved in metasediments 
have indicated that the process of graphitization is irreversible, which 
means that metamorphosed carbon records the peak metamorphic 
conditions (Beyssac et al., 2002; Lahfid et al., 2010; Sforna et al., 2014). 
Carbonaceous sediments of the GGB likely experienced multiple epi-
sodes of thermal overprint. A first event may have been related to sea- 
floor hydrothermal alteration processes, as evidenced by widespread 
Fig. 8. (a-c) Raman spectra of carbonaceous matter preserved in the cherts of the Gorumahisani belt and deconvoluted mean Raman spectra calculated from 
carbonaceous matter of chert samples GUD-1D, 2B, and 7C (Supplementary table S4). a) Raman spectra geothermometer provided average temperature estimates for 
black vein chert (GUD-1D) 460 (±50)◦C. b) Stratiform granular chert (GUD-2b) 470 (±50)◦C. c) Carbonaceous chert (GUD-7C), 440 (±50)◦C. 
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silicification and chert veining. A later event included regional scale 
greenschist facies metamorphism. Fine carbonaceous laminations and 
carbonaceous grains were targeted in this study to understand the 
variation in Raman spectra. The former provided a similar range of 
temperature when compared to carbonaceous grains. Our Raman geo-
thermometry results indicate that the Udal and Kundarkocha area have 
experienced peak metamorphic conditions of ~440 to 470 ◦C. Raman 
spectra of carbonaceous matter from the GGB are identical between 
samples GUD-1D and 2B with minor variation in sample GUD-7C, which 
suggests a similar degree of structural ordering attained during meta-
morphic conditions in the area. Sample GUD-7C, collected from the 
Kundarkocha area, yielded the lowest average temperature of ~440 ◦C, 
suggesting a slightly lower metamorphic grade. The current study is 
restricted to the Udal and Kundarkocha area of the GGB and regional 
scale sampling from different stratigraphic levels would be required to 
pinpoint areas that have experienced the least degree of overprint and 
thus highest degrees of preservation. 
Our Raman thermometry results are in accordance with the meta-
morphic conditions estimated by mineral assemblages in the GGB area 
(Dunn and Dey, 1942; Prasad Rao et al., 1964; Jena and Behera, 2000). 
They are slightly higher than the arsenopyrite-pyrite-pyrrhotite geo-
thermometer estimate of ~360 ◦C and much lower than the loellingite- 
arsenopyrite geothermometer estimate at ~560 ◦C (Sahoo and Ven-
katesh, 2015). However, the geothermometry studies of Sahoo and 
Venkatesh (2015) on sulfides do not necessarily provide the regional 
metamorphic conditions of the GGB, but may represent snapshots of a 
late-stage fluid circulation in the Kundarkocha area. Furthermore, the 
pressure dependence of the arsenic content of arsenopyrite makes the 
applicability of these geothermometers questionable in the light of a 
lack of geobarometry (Sahoo and Venkatesh, 2015). 
Palaeoarchaean carbonaceous cherts of the Kaapvaal and Pilbara 
cratons that have preserved morphological evidence for life have 
experienced greenschist facies metamorphism. Raman geothermometry 
estimates are between 320 and 360 (±30)◦C for the best-preserved 
material (Tice et al., 2004; Sforna et al., 2014; Greco et al., 2018; 
Alleon et al., 2018) indicating a much lower thermal overprint (and thus 
better preservation) as compared to the cherts from the GGB. Never-
theless, systematic work in the Gorumahisani (and Daitari) greenstone 
belt may allow for the discovery of carbonaceous cherts that have 
experienced temperatures lower than ~440 ◦C, the average temperature 
encountered by rocks from the Kundarkocha area. 
6.4. Gorumahisani Greenstone Belt: a repository for future 
palaeobiological study 
The low-grade metamorphic overprinting of Palaeoarchaean cherts 
younger than ~3.5 Ga in South Africa and Australia allow to document 
the depositional environments of the sediments and the organic remains 
of early life activity (Walsh, 1992; Tice and Lowe, 2004; Westall et al., 
2006; Westall et al., 2015; Sugitani et al., 2010, 2015; Kremer and 
Kaźmierczak, 2017; Alleon et al., 2018; Alleon and Summons, 2019; 
Hickman-Lewis et al., 2018). In spite of peak metamorphism around 
300 ◦C, organic microfossils in the 3.4 Ga Strelley Pool Formation were 
demonstrated to exhibit a high level of elemental and molecular pres-
ervation (Alleon et al., 2018), likely because of early silicification that 
limited the molecular degradation of organics, as suggested by experi-
mental work (Alleon et al., 2016; Igisu et al., 2018). Rocks older than 
3.5 Ga are generally highly metamorphosed to the point where meta-
morphic carbon persists only in the form of crystalline graphite, which 
does not constitute a reliable biosignature (Alleon and Summons, 2019). 
Carbonaceous cherts as old as c. 3.55 Ga are present in the Theespruit 
and Toggekry formations of the Barberton and Nondweni greenstone 
belts of the Kaapvaal Craton, but they have undergone amphib-
olite–facies metamorphism that led to intense recrystallization, thus 
obscuring any potential biosignatures preserved in these cherts (Diener 
et al., 2005; Hofmann and Harris, 2008; Xie et al., 2012; Saha et al., 
2012; Kröner et al., 2013). However, ≤3.48 Ga old sedimentary rocks of 
South Africa and Australia still preserve non-graphitized carbonaceous 
matter due to peak temperatures around 350 ◦C (e.g., Hickman-Lewis 
et al., 2018; Baumgartner et al., 2019). 
Vestiges of early life have been reported from carbonaceous cherts as 
spindle-shaped microfossils, coccoidal assemblages, thread-like fila-
mentous colonies or reworked microbial mat-like laminations (Walsh, 
1992; Tice and Lowe, 2004; Sugitani et al., 2010, 2015; Westall et al., 
2015; Kremer and Kaźmierczak, 2017). There are no greenschist facies 
rocks older than 3.48 Ga anywhere in the Pilbara and Kaapvaal cratons, 
therefore the ~3.51 Ga old carbonaceous sediments of the GGB may still 
hold vital insights into early life. So far there is no direct morphological 
evidence to support a biogenic origin of these microstructures, but 
notably the detrital carbonaceous aggregates reported here share 
textural and morphological similarities with carbonaceous aggregates 
reported from the Buck Reef Chert and Apex Chert, some of which have 
been interpreted as ripped-up and reworked microbial mats (Tice and 
Lowe, 2006; Hofmann et al., 2013; Westall et al., 2015). Therefore, a 
detailed study of the carbonaceous matter and silica granules observed 
in the GGB cherts is warranted to allow further comparative work from 
Kaapvaal and Pilbara cratons on early life and Archaean silica cycle 
respectively (cf. Stefurak et al., 2015). 
7. Conclusion 
The dating of felsic volcaniclastic rocks at 3510 ± 3 Ma provide for 
the first time an age for the volcano-sedimentary sequence of the Gor-
umahisani belt exposed in the north-eastern part of the Singhbhum 
Craton. Together with a prominent population of c. 3.5 Ga detrital zir-
cons reported from younger Mesoarchaean sediments, this reveals an 
important felsic magmatic event in the Singhbhum Craton at that time, 
contemporaneous with felsic magmatism in the Kaapvaal and Pilbara 
cratons. Near chondritic Hf-in-zircon data indicate a juvenile source for 
these felsic rocks. The Gorumahisani Greenstone Belt also shares a 
similar lithological and time-stratigraphic make-up with the Daitari 
Greenstone Belt situated c. 150 km to the SSW. Widespread hydrother-
mal processes on the Palaeoarchaean sea-floor gave rise to the formation 
of carbonaceous cherts upon silicification of chemical sediments. Raman 
geothermometry of the carbonaceous matter indicates a maximum of 
greenschist facies metamorphic conditions, which is consistent with the 
regional metamorphic peak mineral assemblages. The carbonaceous 
cherts of the Udal and Kundarkocha areas have close lithological simi-
larities with those from the Barberton belt, South Africa, and East Pil-
bara Craton, Australia. Considering the sparse sedimentary record of 
these two cratons older than c. 3.5 Ga, low-strain sedimentary rocks 
below the 3.51 Ga felsic volcaniclastic unit of the GGB represent prime 
targets for future palaeobiological studies. 
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